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Prologue
Supersymmetry and the search for new particles
Elementary particle physics has made enormous progress in the last decades. The
electroweak and strong interactions of the fundamental building blocks of matter,
the quarks and leptons, are now described by the so called Standard Model (SM)
of particle physics.
The development of the SM was possible due to intensive efforts and successful
achievements in experiment and theory. On the one side, theoreticians have pro-
vided the physical models and the mathematical techniques necessary to define
and calculate observables. On the other side, experiments with particle accelera-
tors and detectors have not only allowed to find new fundamental particles, but
also high precision measurements have made it possible to test the models.
However, there are general arguments which point towards the existence of a the-
ory beyond the SM. One of the most attractive candidates for such a more funda-
mental theory is Supersymmetry (SUSY). SUSY transformations change the spin
of a particle field, and thus bosonic and fermionic degrees of freedom get related
to each other. Therefore, new particles are predicted in SUSY models like in the
minimal supersymmetric extension of the SM. If SUSY is realized in nature, the
supersymmetric partners of the SM particles have to be discovered.
The next future colliders, like the Large Hadron Collider (LHC) at CERN or a
planned International Linear Collider (ILC), are designed to find these particles.
Their properties will be measured with high precision in production and decay
processes. The underlying physical model can then be determined by a compari-
son of experimental and phenomenological studies.
Chapter 1
Introduction
1.1 Motivation: Symmetries and models
Symmetries in physics have always played an important role in understanding
the structure of the underlying theories. For instance, the existence of conservation
laws can be explained by specific symmetry transformations under which a theory
is invariant. Energy, momentum and angular momentum are conserved in field
theories with continuous spacetime symmetries.
High energy models of elementary particle interactions have to be invariant under
the transformations of the Poincare´ group, which are relativistic generalizations of
the spacetime symmetries. The interactions of the particles, the strong and elec-
troweak forces, can be understood as a consequence of the so called gauge sym-
metries.
But not only such continuous symmetries are crucial. The discrete symmetries
• Charge conjugation C: interchange of particles with antiparticles
• Parity P: transformation of the space coordinates x→ −x
• Time reversal T: transformation of the parameter time t→ −t
are also essential for the formulation of relativistic quantum field theories. In par-
ticular, any Poincare´ invariant local field theory has to be symmetric under the
combined transformation of C, P and T, which is called CPT invariance.
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The discovery in the fifties that weak interactions violate C and P maximally, was
noted with substantial belief that a particle theory apparently still conserves the
combined symmetry CP. However, a few years later, in 1964, CP violation was
confirmed in the K-meson system.
This lead to a powerful prediction in 1972. The implementation of CP violation
made it necessary to include a phase in the quark mixing matrix, the so called
Kobayashi-Maskawa Matrix [1]. Such a phase is only CP violating if the matrix is
at least of dimension three, and thus a third generation of quarks and leptons was
required. This prediction of a third family was made long before the final member
of the second family, the charm quark, was found.
Current experiments with B-mesons verify the existence of one CP phase in the
quark mixing matrix of the SM. However, one phase alone cannot explain the ob-
served baryon asymmetry of the universe, as shown in [2]. The fact that further
sources of CP violation are needed leads to the crucial prediction of CP violating
phases in theories beyond the SM.
Apart from that, a further important symmetry of physics was born in 1974: Super-
symmetry (SUSY), which relates fermionic and bosonic degrees of freedom. SUSY
models, like the the Minimal Supersymmetric Standard Model (MSSM), are one
of the most attractive theories beyond the SM. They give a natural solution to the
hierarchy problem and provide neutralinos as dark matter candidates. Further-
more, SUSY allows for grand unifications and for theories, which might include
also gravity.
1.2 CP violating phases and electric dipole moments
The MSSM might have several complex parameters, which cause CP violating ef-
fects. In the neutralino and chargino sector these are the Higgsino mass param-
eter µ = |µ|eiϕµ and the U(1) gaugino mass parameter M1 = |M1|eiϕM1 [3]. The
SU(2) gaugino mass parameter M2 can be made real by redefining the fields. In
the sfermion sector of the MSSM, also the trilinear scalar coupling parameter Af
of the sfermion f˜ can be complex, Af = |Af |eiϕAf .
The CP violating phases are constrained by electric dipole moments (EDMs) [4] of
electron e, neutron n, 199Hg and 205Tl atoms. Their upper bounds are, respectively:
|de| < 4.3× 10−27 e cm [5], (1.1)
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|dn| < 6.3× 10−26 e cm [6], (1.2)
|dHg| < 2.1× 10−28 e cm [7], (1.3)
|dT l| < 1.3× 10−24 e cm [8]. (1.4)
The CP phase in the quark sector of the SM give contributions to EDMs, which
generally arise at two loop level, and respect the bounds of the EDMs. In SUSY
models, however, neutralino and chargino contributions to the electron EDM can
occur at one loop level, see Fig. 1.1. For the neutron EDM in addition also gluino
exchange contributions are present due to a phase of the gluino mass parameter.
The phases of the SUSY parameters are thus constrained by the experimental up-
per limits of the EDMs. In the literature, three solutions are being proposed [9]:
• The SUSY phases are severely suppressed [10, 11].
• SUSY particles of the first two generations are rather heavy, with masses of
the order of a TeV [12].
• There are strong cancellations between the different SUSY contributions to
the EDMs, allowing a SUSY particle spectrum of the order of a few 100 GeV
[13–15].
Due to such cancellations, for example, in the constrained MSSM [14], the phase
ϕM1 is not restricted but the phase of µ is still constrained with |ϕµ| <∼ 0.1π [14].
If lepton flavor violating terms are included [15], also the restriction on ϕµ may
disappear.
The restrictions on the SUSY phases are thus very model dependent. Independent
methods for their measurements are desirable, in order to clarify the situation.
In order to determine the phases unambiguously, measurements of CP sensitive
observables are necessary. Such observables are non-zero only if CP is violated,
i.e. they are proportional to the sine of the phases.
e− e−ν˜e
χ˜−j
γ
e− e−χ˜0j
e˜−1,2
γ
Figure 1.1: SUSY contributions to the electron EDM.
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1.3 Methods for analyzing CP violating phases
1.3.1 Neutralino and chargino polarizations
For measuring SUSY phases, the study of neutralino and chargino production at
an e+e− linear collider with longitudinally polarized beams [16] will play an im-
portant role. By measurements of the chargino masses and production cross sec-
tions, amethod has been developed [17–19] to determine cos(ϕµ), in addition to the
other parameters M2, |µ| and tanβ of the chargino sector. For neutralino produc-
tion analogous methods have been proposed in [19–22] to determine also cos(ϕM1)
andM1, besides cos(ϕµ),M2, |µ| and tan β.
However, in order to determine also the sign of ϕµ and ϕM1 , the transverse neu-
tralino and chargino polarizations perpendicular to the production plane have to
be taken into account [17, 18, 23]. They are only present if there are CP violat-
ing phases in the neutralino/chargino sector, and if a pair of different neutrali-
nos/charginos is produced. At tree level, their polarizations lead to triple-product
asymmetries of the decay products [24, 25]. Energy distributions and polar angle
distributions of the neutralinos and charginos or their decay products are not CP
sensitive at tree level, since they do not depend on the transverse neutralino or
chargino polarizations, see e.g. [26] for neutralino production.
In order to include the particle polarizations in our calculations, we use the spin
density matrix formalism of [27]. For an introduction into this formalism and for
our conventions and definitions used, see Appendices C and D.
1.3.2 T-odd and CP-odd triple-product asymmetries
The SUSY phases give rise to T-odd and CP-odd observables which involve triple
products of momenta [28]. They allow us to define various T and CP asymmetries
which are sensitive to the different SUSY phases. On the one hand, these observ-
ables can be large because they are present at tree level. On the other hand, they
also allow a determination of the sign of the phases, which is impossible if only
CP-even observables were studied.
We consider neutralino or chargino production
e+ + e− → χ˜i + χ˜j (1.5)
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followed by the two-body decay of one neutralino or chargino into a SM particle
A (e.g. lepton orW,Z boson) and a SUSY particle X˜ (e.g. slepton or χ˜01):
χ˜i → A+ X˜. (1.6)
The momenta of electron, chargino (or neutralino), and particle A define the triple
product
T = (pe− × pχi) · pA, (1.7)
which is T-odd, i.e. changes sign under time reversal. The T-odd asymmetry of
the cross section σ of production (1.5) and decay (1.6) is then defined as
AT = σ(T > 0)− σ(T < 0)
σ(T > 0) + σ(T < 0) . (1.8)
The asymmetry can be expressed by the angular distribution of particle A
AT =
∫ 0
1
dσ
d cos θ
d cos θ − ∫−10 dσd cos θd cos θ∫ 0
1
dσ
d cos θ
d cos θ +
∫−1
0
dσ
d cos θ
d cos θ
=
N+ −N−
N+ +N−
, (1.9)
where
cos θ :=
pe− × pχi
|pe− × pχi|
· pA|pA| , (1.10)
and thus AT is the difference of the number of events with particle A above (N+)
and below (N−) the production plane, defined by pe− × pχi , normalized by the
total number of events N = N+ +N−.
The T-odd asymmetry is not only sensitive to CP phases, but also to absorptive
contributions, which could enter via s-channel resonances or final state interac-
tions at loop level. Although the absorptive contributions are a higher order effect,
and thus expected to be small, they do not signal CP violation. However, they can
be eliminated in the CP-odd asymmetry
ACP = 1
2
(AT − A¯T), (1.11)
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where A¯T denotes the asymmetry for the CP-conjugated process.
Note that the triple product T (1.7) requires the identification of the neutralino (or
chargino) momentum pχi , which could be reconstructed by measuring the decay
of the other χ˜j . Therefore, the masses of the neutralinos/charginos as well as the
masses of their decay products have to be known.
To avoid the reconstruction of pχi , we can also define triple products in which pχi
is replaced by a momentum of the decay products of particles A, if A is aW or Z
boson, or X˜ , if X˜ is a slepton. In the first case, A = W or Z and X˜ = χ˜01, the decay
of the boson into two quarks
A→ q + q′, (1.12)
defines the triple product
T = (pe− × pq) · pq′ . (1.13)
In the second case, A = ℓ and X˜ = ℓ˜, the decay
X˜ → ℓ+ χ˜01, (1.14)
defines the triple product
T = (pe− × pA) · pℓ. (1.15)
These triple products define then corresponding T or CP asymmetries, which do
not require themomentum reconstruction of χ˜i. However, for these triple products
the leptons have to be distinguished by their energy distributions [29], and the
quarks have to be distinguished by flavor tagging [30–32].
Triple-product asymmetries can also be defined and analyzed for three-body de-
cays of neutralinos [23, 24, 33, 34] and charginos [25, 33, 35].
1.3.3 Statistical error and significance
The T-odd and CP-odd asymmetries, as defined in (1.8) and (1.11), could be mea-
sured in neutralino and chargino production at future linear collider experiments,
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and would allow us to determine the values of the SUSY phases. In order to de-
cide whether an asymmetry, and thus a CP phase can be measured, we have to
calculate its statistical error. Also, we have to consider the statistical significance
of the asymmetry.
The relative statistical error of the asymmetry is given by
δA := ∆A|A| =
1
|A|√N , (1.16)
with the number of events N = L · σ, where L is the integrated luminosity of the
linear collider. Formula (1.16) follows from (1.9), with the estimate∆N± =
√
N± ≈√
N/2.
The statistical significance of the asymmetry (1.8) is then defined as
S = |AT|
√
L · σ. (1.17)
For S = 1, the asymmetry can be measured at the 68% confidence level (CL), for
S = 1.96 at the 95% CL, etc. The significance for the CP-odd asymmetry (1.11) is
given by
S = |ACP|
√
2L · σ, (1.18)
since ∆ACP = ∆AT/√2, which follows from (1.11).
Also background and detector simulations have to be taken into account to predict
the expected accuracies for the asymmetries, see e.g. [36]. However, this would im-
ply detailed Monte Carlo studies, which is beyond the scope of the present work.
1.4 Organization of the work
The goal of the thesis is to analyze CP violating effects of MSSM phases in produc-
tion and/or two-body decay processes of neutralinos, charginos and sfermions.
We will therefore define and calculate T-odd and CP-odd asymmetries for the dif-
ferent supersymmetric processes.
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We study neutralino and chargino production in electron-positron collisions at a
future linear collider (LC) with a center of mass energy of 500GeV to 800GeV, high
luminosity and longitudinally polarized beams. A LC of this kind is an ideal tool
for measuring the properties of SUSY particles with high precision.
Finally, we address the question, whether the phases can be constrained at the LC.
We thus calculate the statistical significances for measuring the asymmetries. Our
analyses will also have particular emphasis on the beam-polarization dependence
of the asymmetries and cross sections.
In most of the numerical examples we choose ϕM1 = ±π/2, ϕµ = 0, which is
allowed by the constraints from the electron and neutron EDMs. In order to show
the full phase dependences of the asymmetries in some examples we study their
ϕµ behavior in the whole ϕµ range, relaxing in this case the restrictions from the
EDMs. This is justified e.g. in theories with lepton flavor violation [15], where the
constraints on ϕµ disappear.
• Chapter 2 contains neutralino production e+e− → χ˜0i χ˜0j and decay:
– In Section 2.1 we discuss neutralino decay into sleptons: χ˜0i → ℓ ℓ˜ for
ℓ = e, µ, τ .
– In Section 2.2 we discuss neutralino decay into a stau-tau pair: χ˜0i → τ τ˜ ,
including the τ polarization.
– In Section 2.3 we discuss neutralino decay into a Z boson: χ˜0i → χ˜0n Z.
• Chapter 3 deals with chargino production e+e− → χ˜±i χ˜∓j and decay:
– In Section 3.1 we discuss chargino decay into sneutrinos: χ˜+i → ℓ+ ν˜ℓ,
ℓ = e, µ, τ .
– In Section 3.2 we discuss chargino decay into aW boson: χ˜+i → χ˜0n W+.
• In chapter 4we analyze CP violation in the two-body decay chain of a sfermion:
f˜ → f χ˜0j , χ˜0j → χ˜01 Z, Z → f f¯ .
• Chapter 5 contains a summary and conclusions.
• In the Appendices we give a short account on the MSSM, with emphasis
on its complex parameters. We discuss details of particle kinematics and
phase space and give the analytical formulae for the production and decay
amplitudes squared. Finally, we give useful spin-formulae for fermions and
bosons and a formulary of our definitions and conventions, used for our
numerical calculations.
Chapter 2
CP violation in production and decay
of neutralinos
Overview
We study neutralino production with longitudinally polarized beams e+ e− →
χ˜0i χ˜
0
j with the subsequent leptonic decay of one neutralino χ˜
0
i → ℓ˜ ℓ; ℓ˜ → χ˜01 ℓ,
for ℓ = e, µ, τ , [29] or the decay into the Z boson χ˜0i → χ0nZ; Z → ℓℓ¯(qq¯) [37].
These decay modes allow the definition of CP observables which are sensitive to
the phases ϕM1 and ϕµ.
For the leptonic decay of the neutralino into the tau χ˜0i → τ˜± τ∓, we propose the
transverse τ∓ polarization as a CP sensitive observable [38]. This asymmetry is
also sensitive to the phase ϕAτ .
We present numerical results for the asymmetries, cross sections and branching
ratios for a linear electron-positron collider in the 500 GeV - 800 GeV range. The
asymmetries can go up to 60% and we estimate the event rates which are nec-
essary to observe the asymmetries. Polarized electron and positron beams can
significantly enhance the asymmetries and cross sections.
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2.1 T-odd asymmetries in neutralino production and
decay into sleptons
pχ0
j
pe−
θ
pe+
pχ0
i
pℓ1
θD1
pℓ˜
pℓ2
pχ0
1
θD2
Figure 2.1: Schematic picture of the neutralino production and decay process.
For neutralino production
e+ + e− → χ˜0i + χ˜0j (2.1)
with longitudinally polarized beams and the subsequent leptonic two-body decay
of one of the neutralinos
χ˜0i → ℓ˜+ ℓ1, (2.2)
we introduce the triple-product
TI = (pe− × pχ0i ) · pℓ1 , (2.3)
and define the T-odd asymmetry
ATI =
σI(TI > 0)− σI(TI < 0)
σI(TI > 0) + σI(TI < 0) , (2.4)
where σI is the cross section for reactions (2.1) and (2.2).
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With the subsequent leptonic decay of the slepton
ℓ˜ → χ˜01 + ℓ2; ℓ = e, µ, τ, (2.5)
we can construct a further asymmetry which does not require the identification of
the neutralino momentum. We replace the neutralino momentum pχ0
i
in (2.3) by
the momentum pℓ2 of the lepton from the slepton decay
TII = (pe− × pℓ2) · pℓ1 (2.6)
and define the asymmetry
ATII =
σII(TII > 0)− σII(TII < 0)
σII(TII > 0) + σII(TII < 0) , (2.7)
where σII is the cross section for reactions (2.1) - (2.5).
These T-odd observables in the production of neutralinos at tree level are due to
spin effects. Only if there are CP-violating phases ϕM1 and ϕµ in the neutralino
sector and if two different neutralinos are produced, each of them has a polariza-
tion perpendicular to the production plane [20, 23, 39]. This polarization leads to
asymmetries in the angular distributions of the decay products, as defined in (2.4)
and (2.7).
2.1.1 Cross sections
In order to calculate the production and decay amplitudes, we use the spin density
matrix formalism of [27, 39], see Appendix C. For neutralino production (2.1) and
decay (2.2), the amplitude squared can be written as
|TI |2 = |∆(χ˜0i )|2
∑
λiλ
′
i
ρP (χ˜
0
i )
λiλ
′
iρD1(χ˜
0
i )λ′iλi, (2.8)
with the neutralino propagator ∆(χ˜0i ), the spin-density matrix of neutralino pro-
duction ρP (χ˜
0
i ), the decay matrix ρD1(χ˜
0
i ), and the neutralino helicities λi, λ
′
i. In-
serting the expansions of the density matrices ρP (χ˜
0
i ), see (C.10), and ρD1(χ˜
0
i ),
see (C.28), into (2.8) gives
|TI |2 = 4 |∆(χ˜0i )|2 (PD1 + ~ΣP ~ΣD1). (2.9)
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Analogously, the amplitude squared for the complete process of neutralino pro-
duction, followed by the two-body decays (2.2) and (2.5), can be written as
|TII |2 = |∆(χ˜0i )|2 |∆(ℓ˜)|2
∑
λiλ
′
i
ρP (χ˜
0
i )
λiλ
′
iρD1(χ˜
0
i )λ′iλi D2 (2.10)
= 4 |∆(χ˜0i )|2 |∆(ℓ˜)|2(PD1 + ~ΣP ~ΣD1) D2, (2.11)
where D2 is the factor for the slepton decay, given in (C.35).
The cross sections and distributions in the laboratory system are then obtained by
integrating the squared amplitudes
dσI,II =
1
2s
|TI,II |2dLipsI,II (2.12)
over the Lorentz invariant phase space elements
dLipsI := dLips(s; pχ0j , pℓ1, pℓ˜), (2.13)
dLipsII := dLips(s; pχ0j , pℓ1, pℓ2, pχ01), (2.14)
given in (B.22) and (B.23), respectively.
The contributions of the spin correlation terms ~ΣP ~ΣD1 to the total cross section
vanish. Their contributions to the energy distributions of the leptons ℓ1 and ℓ2
from decay (2.2) and (2.5) vanish due to the Majorana properties of the neutralinos
[40] if CP is conserved. In our case of CP violation, they vanish to leading order
perturbation theory [40], and thus the contributions can be neglected since they
are proportional to the widths of the exchanged particles.
2.1.2 T-odd asymmetries
Inserting the cross sections (2.12) in the definitions of the asymmetries (2.4) and
(2.7) we obtain
ATI,II =
∫
Sign[TI,II ]|T |2dLipsI,II∫ |TI,II |2dLipsI,II =
∫
Sign[TI,II ]Σ2PΣ2D1dLipsI,II∫
PD1dLipsI,II
, (2.15)
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where we have used the narrow width approximation for the propagators. In the
numerator only the spin-correlation term Σ2PΣ
2
D1
remains, since only this term con-
tains the triple products (2.3) or (2.6). Thus, the contributions to ATI,II are directly
proportional to the neutralino polarization Σ2P perpendicular to the production
plane.
In case the neutralino decays into a scalar tau, we take stau mixing into account
and the asymmetries are reduced due to their dependence on the χ˜0i -τ˜k-τ couplings
ATI,II ∝
|aτ˜ki|2 − |bτ˜ki|2
|aτ˜ki|2 + |bτ˜ki|2
, (2.16)
which can be seen from the expressions of D1 and Σ
2
D1
, given in Appendix (C.2).
Since the asymmetries are proportional to the absolute values of aτ˜ki, b
τ˜
ki, they are
not sensitive to the phase ϕAτ of Aτ . As an observable which is sensitive to ϕAτ ,
we will consider in Section 2.2 an asymmetry which involves the transverse τ po-
larization.
2.1.3 Numerical results
We analyze the dependence of the asymmetries ATI and ATII , the neutralino pro-
duction cross sections σP (e
+e− → χ˜0i χ˜0j ) and the branching ratios BR(χ˜0i → ℓ˜ℓ)
on the parameters µ = |µ| eiϕµ , M1 = |M1| ei ϕM1 and M2 for tan β = 10. In or-
der to reduce the number of parameters, we assume |M1| = 5/3M2 tan2 θW and
fix the universal scalar mass parameterm0 = 100 GeV. The renormalization group
equations for the slepton masses are given in (A.56) and (A.57). Since the pair pro-
duction of equal neutralinos is not CP sensitive, we discuss the lightest pairs χ˜01 χ˜
0
2,
χ˜01 χ˜
0
3 and χ˜
0
2 χ˜
0
3, for which we choose a center of mass energy of
√
s = 500GeV and
longitudinal beam polarization Pe− = 0.8 and Pe+ = −0.6.
Production of χ˜01 χ˜
0
2
In Fig. 2.2a we show the cross section for χ˜01χ˜
0
2 production for ϕµ = 0 and ϕM1 =
0.5 π in the |µ|–M2 plane. The cross section reaches values up to 300 fb. For
|µ| <∼ 250 GeV the right selectron exchange dominates so that our choice of po-
larizations (Pe−, Pe+) = (0.8,−0.6) enhances the cross section by a factor up to 2.5
compared to the unpolarized case. For |µ| >∼ 300 GeV the left selectron exchange
dominates because of the larger χ˜02 − e˜L coupling. In this region a sign reversal of
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both polarizations, i.e. (Pe−, Pe+) = (−0.8, 0.6), would enhance the cross section
up to a factor of 20.
The branching ratio BR(χ˜02 → ℓ˜Rℓ1) for the neutralino two-body decay into right
selectrons and smuons, summed over both signs of charge, is shown in Fig. 2.2b. It
reaches values up to 64% and decreases with increasing |µ|when the two-body de-
cays into the lightest neutral Higgs bosonH01 and/or the Z boson are kinematically
allowed. The decays χ˜02 → χ˜±1W∓ are not allowed. With our choice m0 = 100 GeV,
the decays into left selectrons and smuons can be neglected because these chan-
nels are either not open or the branching ratio is smaller than 1%. As we assume
that the squarks and the other Higgs bosons are heavy, the decay into the stau is
competing, and dominates forM2 <∼ 200 GeV in our scenario, see Fig. 2.4a, which
is discussed below. The resulting cross section is shown in Fig. 2.2c.
Fig. 2.2d shows the |µ|–M2 dependence of the asymmetry ATII for ϕM1 = 0.5 π and
ϕµ = 0. In the region |µ| <∼ 250GeV, where the right selectron exchange dominates,
the asymmetry reaches 9.5% for our choice of beampolarization. This enhances the
asymmetry up to a factor of 2 compared to the case of unpolarized beams. With
increasing |µ| the asymmetry decreases and finally changes sign. This is due to
the increasing contributions of the left selectron exchange which contributes to the
asymmetry with opposite sign and dominates for |µ| >∼ 300 GeV. In this region the
asymmetry could be enhanced up to a factor 2 by reversing the sign of both beam
polarizations.
The sensitivity of the cross section σ and the asymmetry ATII on the CP phases is
shown by contour plots in the ϕµ–ϕM1 plane for |µ| = 240 GeV andM2 = 400 GeV
(Fig. 2.3). In our scenario the variation of the cross section, Fig. 2.3a, is more than
100%. In addition to the CP sensitive observables, the cross section may serve to
constrain the phases. For unpolarized beams, the cross section would be reduced
by a factor 0.4. The asymmetry ATII (Fig. 2.3b) varies between -8.9% and 8.9%. It
is remarkable that these maximal values are not necessarily obtained for maximal
CP phases. In our scenario the asymmetry is much more sensitive to variations of
the phase ϕM1 around 0. The reason is that ATII is proportional to a product of a
CP odd (Σ2P ) and a CP even factor (Σ
2
D1
), see (2.15). The CP odd (CP even) factor
has as sine-like (cosine-like) dependence on the phases. Thus the maximum of
ATII is shifted towards ϕM1 = 0 in Fig. 2.3b. On the other hand, the asymmetry is
rather insensitive to ϕµ. For unpolarized beams this asymmetry would be reduced
roughly by a factor 0.33.
The statistical significance for measuring each asymmetry is given by S = |AT|√N
(1.17), withN = Lσ is the number of events with L the total integrated luminosity.
We show the contour lines for S = 3 and 5 for ATII in Fig. 2.3c with L = 500 fb−1.
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Figure 2.2: Contour lines of 2.2a: σP (e
+e− → χ˜01χ˜02), 2.2b: BR(χ˜02 → ℓ˜Rℓ1), ℓ = e, µ,
2.2c: σP (e
+e− → χ˜01χ˜02)×BR(χ˜02 → ℓ˜Rℓ1)×BR(ℓ˜R → χ˜01ℓ2)with BR(ℓ˜R → χ˜01ℓ2) = 1,
2.2d: the asymmetry ATII , in the |µ|–M2 plane for ϕM1 = 0.5π, ϕµ = 0, tanβ = 10,
m0 = 100 GeV, Aτ = −250 GeV,
√
s = 500 GeV and (Pe−, Pe+) = (0.8,−0.6). The
area A (B) is kinematically forbidden by mχ0
1
+mχ0
2
>
√
s (mℓ˜R > mχ02). The gray
area is excluded bymχ±
1
< 104 GeV.
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Figure 2.3: Contour lines of 2.3a: σP (e
+e− → χ˜01χ˜02) × BR(χ˜02 → ℓ˜Rℓ1) × BR(ℓ˜R →
χ˜01ℓ2) with BR(ℓ˜R → χ˜01ℓ2) = 1, 2.3b: the asymmetry ATII , 2.3c: the significance
S, 2.3d: the asymmetry ATI , in the ϕµ–ϕM1 plane for M2 = 400 GeV, |µ| = 240
GeV, tanβ = 10, m0 = 100 GeV, Aτ = −250 GeV,
√
s = 500 GeV and (Pe−, Pe+) =
(0.8,−0.6). In the gray shaded area of 2.3c we have S < 3. For ϕM1, ϕµ = 0we have
mℓ˜R = 221 GeV,mχ01 = 178 GeV andmχ02 = 243 GeV.
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In Fig. 2.3d we also show the asymmetry ATI which is a factor 2.9 larger than ATII ,
because in ATII the CP-violating effect from the production is partly washed out
by the kinematics of the slepton decay. However, for a measurement of ATI the
reconstruction of the χ˜02 momentum is necessary. The asymmetry ATI shows a
similar dependence on the phases asATII because both are due to the non vanishing
neutralino polarization perpendicular to the production plane. It is interesting to
note that the asymmetries can be sizable for small values of ϕµ, which is suggested
by the EDM constraints, see Section 1.2.
Next we comment on the neutralino decay into the scalar tau and discuss the main
differences from the decay into the selectron and smuon. In some regions of the
parameter space, the decay of the neutralino into the lightest stau τ˜1 may dominate
over that into the right selectron and smuon, and may even be the only decay
channel. In Fig. 2.4a we show contour lines of the branching ratio BR(χ˜02 → τ˜1τ)
in the |µ|–M2 plane for Aτ = −250GeV, ϕM1 = 0.5 π and ϕµ = 0. ForM2 < 200GeV
the branching ratio BR(χ˜02 → τ˜1τ) is larger than 80%. However, due to the mixing
in the stau sector the asymmetry ATII , Fig. 2.4b, is reduced compared to that in the
selectron and smuon channels, see Fig. 2.2d. The reason is the suppression factor
(|aτ˜ki|2 − |bτ˜ki|2)/(|aτ˜ki|2 + |bτ˜ki|2) (2.16), which may be small or even be zero.
Production of χ˜01χ˜
0
3
We show in Fig. 2.5a and b contour lines of the cross section σP (e
+e− → χ˜01χ˜03) ×
BR(χ˜03 → ℓ˜Rℓ1) × BR(ℓ˜R → χ˜01ℓ2) with BR(ℓ˜R → χ˜01ℓ2) = 1, and of the asymmetry
ATII , respectively. The cross section with polarized beams reaches more than 100 fb,
which is up to a factor 2.5 larger than for unpolarized beams. The asymmetry
ATII , shown in Fig. 2.5b, reaches -9.5%. For unpolarized beams this value would
be reduced by a factor 0.75. For our choice of parameters the cross section and
the asymmetry for χ˜01χ˜
0
3 production and decay show a similar dependence on M2
and |µ| as for χ˜01χ˜02 production, however, the kinematically allowed regions are
different. We also studied the ϕµ dependence of ATII . For ϕµ = 0.5π(0.1π) and
ϕM1 = 0, the maximal values of ATII in theM2–|µ| plane are |ATII | < 3%(1%).
Production of χ˜02χ˜
0
3
The production of the neutralino pair e+e− → χ˜02χ˜03 could make it easier to re-
construct the production plane because both neutralinos decay. This allows one
to determine also asymmetry ATI , which is a factor 2-3 larger than ATII . We dis-
cuss the decay of the heavier neutralino χ˜03, which has a larger kinematically al-
lowed region in the |µ|–M2 plane than that of χ˜02. In Fig. 2.6 we show the pro-
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Figure 2.4: Contour lines of 2.4a: BR(χ˜02 → τ˜1τ) and 2.4b: the asymmetry ATII , in
the |µ|–M2 plane for ϕM1 = 0.5π, ϕµ = 0, Aτ = −250 GeV, tanβ = 10, m0 = 100
GeV,
√
s = 500 GeV and (Pe−, Pe+) = (0.8,−0.6). The area A (B) is kinematically
forbidden bymχ0
1
+mχ0
2
>
√
s (mτ˜1 > mχ02). The gray area is excluded bymχ±1 < 104
GeV.
duction cross section σP (e
+e− → χ˜02χ˜03) which reaches 100 fb. The cross section
σP (e
+e− → χ˜02χ˜03) × BR(χ˜03 → ℓ˜Rℓ1) × BR(ℓ˜R → χ˜01ℓ2) with BR(ℓ˜R → χ˜01ℓ2) = 1, is
shown in Fig. 2.6b. The asymmetry ATII is shown in Fig. 2.6d. As to the ϕµ depen-
dence of ATI , we found that for ϕµ = 0.5π(0.1π) and ϕM1 = 0, |ATI | can reach 25%
(2%) in the |µ|–M2 plane.
Energy distributions of the leptons
In order to measure the asymmetriesATI (2.4) and ATII (2.7), the two leptons ℓ1 and
ℓ2 from the neutralino (2.2) and slepton decay (2.5) have to be distinguished. We
therefore calculate the energy distributions of the leptons from the first and second
decay vertex in the laboratory system, see Appendix B.2.4. One can distinguish be-
tween the two leptons event by event, if their energy distributions do not overlap.
If their energy distributions do overlap, only those leptons can be distinguished,
whose energies are not both in the overlapping region.
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Figure 2.5: Contour lines of 2.5a: σP (e
+e− → χ˜01χ˜03) × BR(χ˜03 → ℓ˜Rℓ1) × BR(ℓ˜R →
χ˜01ℓ2) with BR(ℓ˜R → χ˜01ℓ2) = 1 and ℓ = e, µ, 2.5b: the asymmetry ATII , in the |µ|–M2
plane for ϕM1 = 0.5π, ϕµ = 0, tanβ = 10,m0 = 100 GeV, Aτ = −250 GeV,
√
s = 500
GeV and (Pe−, Pe+) = (0.8,−0.6). The area A (B) is kinematically forbidden by
mχ0
1
+mχ0
3
>
√
s (mℓ˜R > mχ03). The gray area is excluded by mχ±1 < 104 GeV.
We show in Figs. 2.7a - c different types of energy distributions for lepton ℓ1
(dashed line), and lepton ℓ2 (solid line), ℓ = e, µ, for e
+e− → χ˜01χ˜02 and the sub-
sequent decays χ˜02 → ℓ˜ℓ1 and ℓ˜→ χ˜01ℓ2. The parameters tan β = 10,M2 = 300 GeV,
ϕµ = 0, ϕM1 = 0.5π, and for |µ| = 200, 300 and 500 GeV, are chosen such that the
slepton mass mℓ˜R = 180 GeV is constant, the LSP mass mχ01 = 140, 145, 150 GeV is
almost constant whereas the neutralino mass mχ0
2
= 185, 240, 300 GeV is increas-
ing. The mass difference between ℓ˜R and χ˜
0
1 decreases (∆m = 40, 35, 30 GeV),
whereas the mass difference between χ˜02 and ℓ˜R increases (∆m = 5, 60, 120 GeV).
The endpoints of the energy distributions of the decay leptons depend on these
mass differences. Thus, in Fig. 2.7a, the second lepton is more energetic than the
first lepton. The energy distributions do not overlap and thus the two leptons can
be distinguished by measuring their energies. This also holds for Fig. 2.7c, where
the first lepton is more energetic than the second one. In Fig. 2.7b the two distribu-
tions overlap because the mass differences between χ˜01, ℓ˜R and χ˜
0
2 are similar. One
has to apply cuts to distinguish the leptons, which reduce the number of events.
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2.1.4 Summary of Section 2.1
Wehave considered two triple-product asymmetries in neutralino production e+e− →
χ˜0i χ˜
0
j and the subsequent leptonic two-body decay chain of one neutralino χ˜
0
i → ℓ˜ℓ,
ℓ˜→ χ˜01ℓ for ℓ = e, µ, τ . These asymmetries are present already at tree level and are
due to spin effects in the production and decay process of two different neutrali-
nos. The asymmetries are sensitive to CP-violating phases of the gaugino and
Higgsino mass parametersM1 and/or µ in the neutralino production process.
For the process e+e− → χ˜01χ˜02 and neutralino decay into a right slepton χ˜02 → ℓ˜Rℓ,
we have shown that the asymmetries can be as large as 25%. They can be enhanced
using polarized beams, and can be sizable even for a small phases, ϕµ, ϕM1 ≈ 0.1π,
which is suggested by the experimental limits on EDMs.
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Figure 2.6: Contour lines of 2.6a: σP (e
+e− → χ˜02χ˜03), 2.6b: σP (e+e− → χ˜02χ˜03) ×
BR(χ˜03 → ℓ˜Rℓ1) × BR(ℓ˜R → χ˜01ℓ2) for ℓ = e, µ, and BR(ℓ˜R → χ˜01ℓ2) = 1, 2.6c:
the asymmetry ATI , 2.6d: the asymmetry ATII , in the |µ|–M2 plane for ϕM1 = 0.5π,
ϕµ = 0, tanβ = 10,m0 = 100 GeV, Aτ = −250 GeV,
√
s = 500 GeV and (Pe−, Pe+) =
(0.8,−0.6). The area A (B) is kinematically forbidden by mχ0
2
+mχ0
3
>
√
s (mℓ˜R >
mχ0
3
). The gray area is excluded bymχ±
1
< 104 GeV.
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Figure 2.7: Energy distributions in the laboratory system for ℓ1 (dashed line) and
ℓ2 (solid line) for e
+e− → χ˜01χ˜02 and the subsequent decays χ˜02 → ℓ˜Rℓ1 and ℓ˜R →
χ˜01ℓ2, for M2 = 300 GeV, mℓ˜R = 180 GeV, tan β = 10 and {|µ|, mχ01, mχ02}/GeV ={200, 140, 185}, {300, 145, 240}, {500, 150, 300} in a, b, c respectively.
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2.2 CP asymmetry in neutralino production and decay
into polarized taus
For the two-body decays of neutralinos into sleptons, where the lepton polariza-
tions are summed, we have shown in the last section that the asymmetries have
only CP-odd contributions from the neutralino production process. For neutralino
decay into a tau, the tau polarization allows to define an asymmetry, which has
also CP-odd contributions from the neutralino decay process. This is particularly
interesting since an asymmetry can be defined, which is sensitive to the CP phase
of the trilinear scalar coupling parameter Aτ .
We consider neutralino production
e+ + e− → χ˜0i + χ˜0j ; i, j = 1, . . . , 4, (2.17)
and the subsequent two-body decay of one neutralino into a tau
χ˜0i → τ˜±m + τ∓; m = 1, 2. (2.18)
The τ− polarization is given by [41]
P =
Tr(ρσ )
Tr(ρ)
, (2.19)
with ρ the hermitean spin density matrix of the τ− and σi the Pauli matrices. The
component P3 of the polarization vector P = (P1, P2, P3) is the longitudinal po-
larization, P1 is the transverse polarization in the plane and P2 is the transverse
polarization perpendicular to the plane defined by the momenta pτ and pe− . The
transverse polarization P2 is proportional to the triple product
Tτ = sτ · (pτ × pe−), (2.20)
where sτ is the τ
− spin 3-vector. For its definition in the laboratory system, see
B.21. In order to eliminate absorptive phases, we define the CP-odd asymmetry
ACP = 1
2
(P2 − P¯2), (2.21)
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where P¯ denotes the τ+ polarization in the charge conjugated process χ˜0i → τ˜−mτ+.
The asymmetry ACP is sensitive to the phase ϕAτ in the stau sector, as well as to
the phases ϕµ and ϕM1 in the neutralino sector.
Note, that for the two-body decay (2.18), the transverse τ polarization P2 is the
only observable which is sensitive to ϕAτ . The asymmetries defined in Section 2.1,
where the τ polarization is summed, are only sensitive to CP violation due to ϕµ
and ϕM1 in the production process.
2.2.1 Tau spin-density matrix and cross section
In the spin density matrix formalism, see Appendix C, the unnormalized spin-
density matrix of the τ− can be written as
ρP (τ
−)λkλ
′
k = |∆(χ˜0i )|2
∑
λi,λ
′
i
ρP (χ˜
0
i )
λiλ
′
i ρD(χ˜
0
i )
λkλ
′
k
λ′iλi
. (2.22)
It is composed of the neutralino propagator∆(χ˜0i ), the spin densitymatrices ρP (χ˜
0
i )
for neutralino production (2.17) and ρD(χ˜
0
i ) for neutralino decay (2.18). The χ˜
0
i
helicities are denoted by λi and λ
′
i, and the τ
− helicities are denoted by λk and λ′k.
The neutralino production matrix ρP (χ˜
0
i ) is defined in (C.10) and the neutralino
decay matrix ρD(χ˜
0
i ) in (C.38). Inserting these density matrices into (2.22) gives
ρP (τ
−)λkλ
′
k = 4|∆(χ˜0i )|2 [(PD + ΣaPΣaD)δλkλ′k + (PDb + ΣaPΣabD )σbλkλ′k)]. (2.23)
The last term of the coefficient ΣabD , see (C.44), contains for b = 2 the triple prod-
uct (2.20). This term is proportional to the product of the χ˜0i -τ˜k-τ couplings Im(b
τ˜
mi
∗
aτ˜mi)
and is therefore sensitive to the phases ϕAτ , ϕµ and ϕM1 .
The amplitude squared is obtained by summing over the τ helicities in (2.23)
|T |2 = 4|∆(χ˜0i )|2 [P (2D) + ΣaP (2ΣaD)], (2.24)
where the CP sensitive term ΣabD drops out. The cross section is then given by
dσ =
1
2s
|T |2dLips(s; pχ0j , pτ , pτ˜), (2.25)
with the phase space element dLips as defined in (B.22).
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2.2.2 Transverse tau polarization and CP asymmetry
From (2.23) we obtain for the transverse τ− polarization (2.19)
P2 =
∫
ΣaPΣ
a2
D dLips∫
PD dLips
, (2.26)
which follows since we have used the narrow width approximations for the prop-
agators and in the numerator
∫ |∆(χ˜0i )|2 PD2 dLips = 0 and in the denominator∫ |∆(χ˜0i )|2 ΣaPΣaD dLips = 0.
As can be seen from (2.26), P2 is proportional to the spin correlation termΣ
a2
D (C.44),
which contains the CP-sensitive part Im(bτ˜mi
∗
aτ˜mi)ǫµνρσ p
µ
τ p
ν
χ˜0i
sa, ρ
χ0i
sb, στ . In order to
study the dependence of P2 on the parameters, we expand for τ˜1
Im(bτ˜1i
∗
aτ˜1i) = g
2 cos2 θτ˜Yτ Im(f
τ
LiNi3) + g
2 sin2 θτ˜Yτ
√
2 tan θW Im(Ni1Ni3)
+ g2 sin2 θτ˜ cos
2 θτ˜ [Y
2
τ Im(Ni3Ni3e
iϕτ˜ ) + g2
√
2 tan θW Im(f
τ
LiNi1e
−iϕτ˜ )], (2.27)
using the definitions of the couplings in the stau sector, see Appendix A.2.
For ϕµ, ϕM1 = 0, we find from (2.27) that P2 ∝ sin 2θτ˜ sinϕτ˜ . We note that the
dependence of ϕτ˜ on ϕAτ is weak if |Aτ | ≪ |µ| tanβ, see (A.49). Thus, we expect
that P2 increases with increasing |Aτ |.
In order to measure P2 and the CP asymmetry ACP (2.21), the τ− from the neu-
tralino decay χ˜0i → τ˜+mτ− and the τ+ from the subsequent τ˜+m decay τ˜+m → χ˜01τ+
have to be distinguished. This can be accomplished by their different energy dis-
tributions, see Appendix B.2.4.
2.2.3 Numerical results
We present numerical results for e+e− → χ˜01χ˜02 and the subsequent decay of the
neutralino into the lightest stau χ˜02 → τ˜1τ for a linear collider with
√
s = 500 GeV
and longitudinally polarized beams with (Pe−, Pe+) = (±0.8,∓0.6). This choice
favors right or left selectron exchange in the neutralino production process, re-
spectively.
We study the dependence of the asymmetryACP and the production cross sections
σ = σP (e
+e− → χ˜01χ˜02)× BR(χ˜02 → τ˜+1 τ−) on the parameters ϕµ, |µ|, ϕM1 , |M1|, ϕAτ ,
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Figure 2.8: Contour lines of ACP for
M2 = 200 GeV, |µ| = 250 GeV, tan β =
5, ϕM1 = ϕµ = 0 and (Pe−, Pe+) =
(0.8,−0.6).
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Figure 2.9: Contour lines of ACP
for Aτ = 1 TeV, M2 = 300 GeV,
|µ| = 250 GeV, ϕAτ = ϕµ = 0 and
(Pe−, Pe+) = (0.8,−0.6).
|Aτ | and tanβ. We assume |M1| = 5/3 M2 tan2 θW , and use m0 = 100 GeV for
the universal scalar mass parameter in the renormalization group equations of the
selectron masses, see (A.46) and (A.47). We take into account the restrictions on
|Aτ | due to the tree-level vacuum stability conditions [42].
For the calculation of the branching ratioBR(χ˜02 → τ˜+1 τ−)we include the two-body
decays
χ˜02 → τ˜mτ, ℓ˜R,Lℓ, χ˜01Z, χ˜∓nW±, χ˜01H01 , ℓ = e, µ, m, n = 1, 2, (2.28)
with mA = 1 TeV, such that the neutralino decays into the charged Higgs bosons
χ˜02 → χ˜±nH∓, as well as decays into the heavy neutral Higgs bosons χ˜02 → χ˜01 H02,3,
are excluded in our scenarios.
In Fig. 2.8 we show the contour lines ofACP in the ϕAτ–|Aτ | plane. The asymmetry
ACP is proportional to sin 2θτ˜ sinϕτ˜ , and increases with increasing |Aτ | ≫ |µ| tanβ,
which is expected from (2.27). Furthermore, in the parameter region shown the
cross section σ varies between 20 fb and 30 fb.
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Figure 2.10: Contour lines of σ and ACP in the |µ|–M2 plane for ϕAτ = 0.5π, ϕM1 =
ϕµ = 0, Aτ = 1 TeV, tan β = 5 and (Pe−, Pe+) = (−0.8, 0.6). The blank area outside
the area of the contour lines is kinematically forbidden since here either
√
s <
mχ0
1
+mχ0
2
ormτ˜1 +mτ > mχ02 . The gray area is excluded by mχ±1 < 104 GeV.
In Fig. 2.9 we show the dependence of ACP on tanβ and ϕM1 . Large values up to
±20% are obtained for tan β ≈ 5. Note that these values are obtained for ϕM1 ≈
±0.8π rather than for maximal ϕM1 ≈ ±0.5π. This is due to the interplay of CP-
even and CP-odd contributions to the spin correlation terms in (2.26). In the region
shown in Fig. 2.9, the cross section σ varies between 10 fb and 30 fb.
Figs. 2.10a and 2.10b show, for ϕAτ = 0.5π and ϕM1 = ϕµ = 0, the |µ|–M2 depen-
dence of the cross section σ and the asymmetry ACP, respectively. The asymmetry
reaches values up to −15% due to the large value of |Aτ | = 1 TeV and the choice of
the beam polarization (Pe−, Pe+) = (−0.8, 0.6). This choice also enhances the cross
section, which reaches values of more than 100 fb.
For ϕM1 = 0.5π and ϕµ = ϕAτ = 0 we show in Figs. 2.11a,b the contour lines of σ
and ACP, respectively, in the |µ|-M2 plane. It is remarkable that in a large region
the asymmetry is larger than −10% and reaches values up to −40%. Unpolarized
beams would reduce ACP only marginally, however the largest values of σ would
be reduced by a factor 3.
For |µ| = 300 GeV andM2 = 400 GeV, we show in Figs. 2.12a,b contour lines of σ
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Figure 2.11: Contour lines of σ and ACP in the |µ|–M2 plane for ϕM1 = 0.5π, ϕAτ =
ϕµ = 0, Aτ = 250 GeV, tanβ = 5 and (Pe−, Pe+) = (−0.8, 0.6). The blank area
outside the area of the contour lines is kinematically forbidden since here either√
s < mχ0
1
+mχ0
2
ormτ˜1 +mτ > mχ02 . The gray area is excluded bymχ±1 < 104 GeV.
and ACP, respectively, in the ϕµ–ϕM1 plane. The asymmetry ACP is very sensitive
to variations of the phases ϕM1 and ϕµ. Even for small phases, e.g. ϕµ, ϕM1 ≈ 0.1,
we have ACP ≈ 15%.
The polarization of the τ can be analyzed through its decay distributions. The sen-
sitivities for measuring the polarization of the τ for the various decay modes are
given in [43]. The numbers quoted there are for an ideal detector and for longitudi-
nal τ polarization and it is expected that the sensitivities for transversely polarized
τ leptons are somewhat smaller. Combining informations from all τ decay modes
a sensitivity of S = 0.35 [44] has been obtained. Following [43], the relative sta-
tistical error of P2 (and of P¯2 analogously) can be calculated as δP2 = ∆P2/|P2| =
σs/(S|P2|
√
N), for σs standard deviations, and N = σL events for the integrated
luminosity L and the cross section σ = σP (e+e− → χ˜01χ˜02)× BR(χ˜02 → τ˜+1 τ−). Then
for ACP (2.21), it follows ∆ACP = ∆P2/
√
2. We show in Fig. 2.13 the contour lines
of the sensitivity S =
√
2/(|ACP|
√
N) which is needed to measure ACP at 95% CL
(σs = 2) for L = 500 fb−1, for ϕAτ = 0.2π and ϕM1 = ϕµ = 0. In Fig. 2.14 we show
the contour lines of the sensitivity S for ϕM1 = 0.2π and ϕµ = ϕAτ = 0. It is inter-
esting to note that in a large region in the |µ|–M2 plane in Figs. 2.13 and 2.14 we
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Figure 2.12: Contour lines of σ and ACP in the ϕµ–ϕM1 plane for M2 = 400 GeV,
|µ| = 300 GeV, tanβ = 5, ϕAτ = 0, Aτ = 250 GeV and (Pe−, Pe+) = (−0.8, 0.6).
obtain a sensitivity S < 0.35, which means that the asymmetries can be measured
at 95% CL.
2.2.4 Summary of Section 2.2
We have defined and analyzed a CP odd asymmetry ACP of the transverse τ po-
larization in neutralino production e+e− → χ˜0i χ˜0j and subsequent two-body decay
χ˜0i → τ˜±k τ∓. The asymmetry is sensitive to CP-violating phases of the the trilin-
ear scalar coupling parameter Aτ and the gaugino and Higgsino mass parameters
M1, µ. The asymmetry occurs already at tree level and is due to spin effects in the
neutralino production and decay process. In a numerical study for e+e− → χ˜01χ˜02
and neutralino decay χ˜02 → τ˜±1 τ∓ we have shown that the asymmetry can be as
large as 60%. It can be sizable even for small phases of µ andM1, suggested by the
experimental limits on EDMs.
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Figure 2.13: Contour lines of S for
ϕAτ = 0.2π, ϕM1 = ϕµ = 0, Aτ = 1 TeV,
tan β = 5 and (Pe−, Pe+) = (−0.8, 0.6).
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√
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Figure 2.14: Contour lines of S for
ϕM1 = 0.2π, ϕAτ = ϕµ = 0, Aτ =
250 GeV, tan β = 5 and (Pe−, Pe+) =
(−0.8, 0.6). The blank area outside the
area of the contour lines is kinemati-
cally forbidden since here either
√
s <
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+mχ0
2
ormτ˜1+mτ > mχ02 . The gray
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2.3 T-odd observables in neutralino production and
decay into a Z boson
pχ0j
pe−
pe+
pχ0i
pχ0n
pZ
pf¯
pf
Figure 2.15: Schematic picture of the neutralino production and decay process.
A further possibility to study CP violation in the neutralino sector is the two-body
decay of the neutralino into a Z boson. Due to spin correlations of the neutralino
and the Z boson, observables can be defined which have not only CP-odd contri-
butions from the neutralino production, but also from its decay.
We study CP violation in neutralino production
e+ + e− → χ˜0i + χ˜0j ; i, j = 1, . . . , 4, (2.29)
with the subsequent two-body decay of one neutralino into a Z boson
χ˜0i → χ0n + Z; n < i, (2.30)
followed by the decay of the Z boson
Z → f + f¯ ; f = ℓ, q, ℓ = e, µ, τ, q = c, b. (2.31)
For a schematic picture of the neutralino production and decay process see Fig. 2.15.
If CP is violated, the phases ϕM1 and ϕµ lead to CP sensitive elements of the Z
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boson density matrix. They involve CP-odd asymmetries Af in the angular distri-
bution of the decay fermions
Af = σ(Tf > 0)− σ(Tf < 0)
σ(Tf > 0) + σ(Tf < 0) , (2.32)
of the triple product
Tf = pe− · (pf × pf¯ ), (2.33)
and the cross section σ of neutralino production (2.29) and subsequent decay chain
(2.30)-(2.31). Due to the correlations between the χ˜0i polarization and the Z boson
polarization, there are CP-odd contributions to the Z boson density matrix and to
the asymmetries Af from the production (2.29) and from the decay process (2.30).
In Section (2.1) we have studied asymmetries for neutralino decay into sleptons
χ˜0i → ℓ˜ℓ. We have shown that these asymmetries have in contrast only contri-
butions from the neutralino production process, since the neutralino decay is a
two-body decay into scalars.
Note that if we would replace the triple product Tf by T ′f = pe− · (pχ0i × pZ), and
would calculate the corresponding asymmetry, where the Z boson polarization is
summed, all spin correlations and thus this asymmetry would vanish identically
because of the Majorana properties of the neutralinos.
2.3.1 Cross section
For the calculation of the cross section for the combined process of neutralino pro-
duction (2.29) and the subsequent two-body decays (2.30), (2.31) of χ˜0i we use
the same spin-density matrix formalism as in [27, 39]. The (unnormalized) spin-
density matrix of the Z boson
ρP (Z)
λkλ
′
k = |∆(χ˜0i )|2
∑
λi,λ
′
i
ρP (χ˜
0
i )
λiλ
′
i ρD1(χ˜
0
i )
λkλ
′
k
λ′
i
λi
, (2.34)
is composed of the neutralino propagator ∆(χ˜0i ), the spin-density production ma-
trix ρP (χ˜
0
i ), defined in (C.3), and the decay matrix ρD1(χ˜
0
i ), defined in (C.46). The
40 CP violation in production and decay of neutralinos
amplitude squared for the complete process e+e− → χ˜0i χ˜0j ; χ˜0i → χ˜0nZ; Z → f f¯ can
now be written
|T |2 = |∆(Z)|2 ∑
λk,λ
′
k
ρP (Z)
λkλ
′
k ρD2(Z)λ′kλk , (2.35)
with the decay matrix ρD2(Z) for the Z decay, defined in (C.49). Inserting the
density matrices ρP (χ˜
0
i ) (C.10) and ρD1(χ˜
0
i ) (C.63) into (2.34) leads to
ρP (Z)
λkλ
′
k = 4 |∆(χ˜0i )|2
[
PD1 δ
λkλ
′
k + ΣaP
cΣaD1 (J
c)λkλ
′
k + P cdD1 (J
cd)λkλ
′
k
]
, (2.36)
summed over a, c, d. Here the Z production matrix ρP (Z) is decomposed into con-
tributions of scalar (first term), vector (second term) and tensor parts (third term).
Inserting then ρP (Z) (2.36) and ρD2(Z) (C.64) into (2.35) leads finally to
|T |2 = 4 |∆(χ˜0i )|2 |∆(Z)|2
[
3PD1D2 + 2Σ
a
P
cΣaD1
cD2 + 4P (
cdDcd1 D2 − 13 ccD1 ddD2)
]
.
(2.37)
The differential cross section is then given by
dσ =
1
2s
|T |2dLips(s; pχ0j , pχ0n, pf , pf¯), (2.38)
where dLips is the Lorentz invariant phase-space element defined in (B.40).
2.3.2 Z boson polarization
The mean polarization of the Z boson is given by its 3×3 density matrix < ρ(Z) >
with Tr{< ρ(Z) >} = 1. We obtain < ρ(Z) > in the laboratory system by inte-
grating (2.36) over the Lorentz invariant phase-space element dLips(s; pχ0
j
, pχ0n, pZ)
(B.39), and normalizing by the trace
< ρ(Z)λkλ
′
k >=
∫
ρP (Z)
λkλ
′
k dLips∫
Tr{ρP (Z)λkλ′k} dLips
= 1
3
δλkλ
′
k + Vc (J
c)λkλ
′
k + Tcd (J
cd)λkλ
′
k . (2.39)
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The components Vc of the vector polarization and Tcd of the tensor polarization are
given by
Vc =
∫
ΣaP
cΣaD1 dLips
3
∫
2 PD1 dLips
, Tcd = Tdc =
∫
P cdD1 dLips
3
∫
PD1 dLips
, (2.40)
where we have used the narrow width approximation for the neutralino propaga-
tor. The tensor components T12 and T23 vanish due to phase-space integration. The
density matrix in the helicity basis, see Appendix F.2, is given by
< ρ(Z)−− > = 1
2
− V3 + T33, (2.41)
< ρ(Z)00 > = −2T33, (2.42)
< ρ(Z)−0 > = 1√
2
(V1 + iV2)−
√
2T13, (2.43)
< ρ(Z)−+ > = T11, (2.44)
< ρ(Z)0+ > = 1√
2
(V1 + iV2) +
√
2 T13, (2.45)
where we have used T11 + T22 + T33 = −12 and T12 = T23 = 0.
2.3.3 T-odd asymmetry
From (2.37) we obtain for the asymmetry (2.32)
Af =
∫
Sign[Tf ]|T |2 dLips∫ |T |2 dLips =
∫
Sign[Tf ] 2 ΣaP cΣaD1 cD2 dLips∫
3 PD1D2 dLips
, (2.46)
and dLips(s; pχ0
j
, pχ0n, pf , pf¯ ) is the Lorentz invariant phase-space element defined
in (B.40), where we have already used the narrow width approximation for the
propagators. In the numerator only the vector part of |T |2 remains which contains
the triple product Tf = pe− · (pf × pf¯ ). In the denominator the vector and ten-
sor parts of |T |2 vanish, since the complete phase-space integration eliminates the
spin correlations. Due to the correlations ΣaP
cΣaD1 between the χ˜
0
i and the Z boson
polarization, there are CP-odd contributions to the asymmetry Af from both the
neutralino production process (2.29), and from the neutralino decay process (2.30).
The contribution from the production is given by the term with a = 2 in (2.46) and
is proportional to the transverse polarization Σ2P (C.17) of the neutralino perpen-
dicular to the production plane. For the production of a pair of equal neutralinos,
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e+e− → χ˜0i χ˜0i , we have Σ2P = 0. The contributions from the decay, given by the
terms with a = 1, 3 in (2.46), are proportional to
cΣaD1
cD2 ⊃ −8mχ0n(ImO
′′L
ni )(ReO
′′L
ni )(R
2
f − L2f )(tcZ · pf¯)ǫµνρσsa,µχ0i p
ν
χ0i
pρZt
c,σ
Z , (2.47)
see last term of (C.62), which contains the ǫ-tensor. Thus Af may be enhanced
(reduced) if the contributions from production and decay have the same (opposite)
sign.
Note that the contributions from the decay would vanish for a two-body decay of
the neutralino into a scalar particle, as discussed in Section (2.1). We have found
in this case, that only contributions to Af from the production remain, which are
multiplied by a decay factor∝ (|R|2−|L|2), and thusAf ∝ (|R|2−|L|2)/(|R|2+|L|2),
see (2.16), where R and L are the right and left couplings of the scalar particle to
the neutralino.
For the measurement of Af the charges and the flavors of f and f¯ have to be
distinguished. For f = e, µ this will be possible on an event by event basis. For f =
τ it will be possible after taking into account corrections due to the reconstruction
of the τ momentum. For f = q the distinction of the quark flavors should be
possible by flavor tagging in the case q = b, c [30, 31]. However, in this case the
quark charges will be distinguished statistically for a given event sample only.
Note that Aq is always larger than Aℓ, due to the dependence of Af on the Z-f¯ -f
couplings, which follows from (C.65), (C.66) and (2.46):
Af ∝
R2f − L2f
R2f + L
2
f
⇒ Ab(c) = R
2
ℓ + L
2
ℓ
R2ℓ − L2ℓ
R2b(c) − L2b(c)
R2b(c) + L
2
b(c)
Aℓ ≃ 6.3 (4.5)×Aℓ, (2.48)
compare also Section 4.2.
The significance for measuring the asymmetry is given by Sf = |Af |
√
N , see (1.17).
Note that Sf is larger for f = b, c than for f = ℓ = e, µ, τ with Sb ≃ 7.7 × Sℓ and
Sc ≃ 4.9×Sℓ, which follows from (2.48) and from BR(Z → bb¯) ≃ 1.5×BR(Z → ℓℓ¯),
BR(Z → cc¯) ≃ 1.2× BR(Z → ℓℓ¯) [45].
2.3.4 Numerical results
We study the dependence of the Z density matrix < ρ(Z) > (2.39), the asymme-
try Aℓ(ℓ = e, µ, τ) (2.32), and the cross section σ = σP (e+e− → χ˜0i χ˜0j ) × BR(χ˜0i →
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χ˜01Z) × BR(Z → ℓℓ¯) on the MSSM parameters µ = |µ| eiϕµ and M1 = |M1| ei ϕM1
for tan β = 10. In order to reduce the number of parameters, we assume the re-
lation |M1| = 5/3M2 tan2 θW and use the renormalization group equations for the
sfermion masses, Appendix A.3.4, with m0 = 300 GeV. For the branching ratio
Z → ℓℓ¯, summed over ℓ = e, µ, τ , we take BR(Z → ℓℓ¯) = 0.1 [45]. The values for
Ab,c are given by (2.48). We choose a center of mass energy of
√
s = 800 GeV and
longitudinally polarized beams with beam polarizations (Pe−, Pe+) = (±0.8,∓0.6).
For the calculation of the neutralino widths Γχ0i and branching ratios BR(χ˜
0
i →
χ˜01Z), see Appendix E.1, we include the following two-body decays, if kinemati-
cally allowed,
χ˜0i → e˜R,Le, µ˜R,Lµ, τ˜mτ, ν˜ℓν¯ℓ, χ˜0nZ, χ˜∓mW±, χ˜0nH01 , ℓ = e, µ, τ, m = 1, 2, n < i(2.49)
and neglect three-body decays. The Higgs parameter is chosenmA = 1 TeV and in
the stau sector, we fix the trilinear scalar coupling parameter Aτ = 250 GeV.
Production of χ˜01 χ˜
0
2
In Fig. 2.16a we show the cross section for χ˜01χ˜
0
2 production in the |µ|–M2 plane for
ϕµ = 0 and ϕM1 = 0.5π. For |µ| >∼ 250 GeV the left selectron exchange dominates
due to the larger χ˜02−e˜L coupling, such that the polarization (Pe−, Pe+) = (−0.8, 0.6)
enhances the cross section to values of more than 110 fb. The branching ratio
BR(χ˜02 → Zχ˜01), see Fig. 2.16b, can even be 100% and decreases with increasing
|µ| andM2, when the two-body decays into sleptons and/or into the lightest neu-
tral Higgs boson are kinematically allowed. The cross section σ = σP (e
+e− →
χ˜01χ˜
0
2) × BR(χ˜02 → Zχ˜01) × BR(Z → ℓℓ¯), see Fig. 2.16c, does however not exceed
7 fb, due to the small BR(Z → ℓℓ¯) = 0.1. Fig. 2.16d shows the |µ|–M2 dependence
of the asymmetry Aℓ for ϕM1 = 0.5π and ϕµ = 0. The asymmetry |Aℓ| can reach
a value of 1.6%. The (positive) contributions from the production cancel the (neg-
ative) contributions from the decay on the contour Aℓ = 0. We also studied the
ϕµ dependence of Aℓ. In the |µ|–M2 plane for ϕM1 = 0 and ϕµ = 0.5π we found
|Aℓ| < 0.5%.
In Fig. 2.17 we show the ϕµ–ϕM1 dependence of Aℓ for |µ| = 400 GeV and M2 =
250 GeV. The asymmetry Aℓ is more sensitive to ϕM1 than to ϕµ. It is remarkable
that the maximal phases of ϕM1 , ϕµ = ±π/2 do not lead to the highest values of
Aℓ ≈ ±1.4%, which are reached for (ϕM1, ϕµ) ≈ (±0.3π, 0). The reason for this is
that the spin-correlation terms ΣaP
cΣaD1
cD2 in the numerator ofAf (2.46), are prod-
ucts of CP-odd and CP-even factors. The CP-odd (CP-even) factors have a sine-like
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Figure 2.16: Contour plots for 2.16a: σP (e
+e− → χ˜01χ˜02), 2.16b: BR(χ˜02 → Zχ˜01),
2.16c: σ = σP (e
+e− → χ˜01χ˜02) × BR(χ˜02 → Zχ˜01) × BR(Z → ℓℓ¯) with BR(Z →
ℓℓ¯) = 0.1, 2.16d: the asymmetry Aℓ, in the |µ|–M2 plane for ϕM1 = 0.5π, ϕµ = 0,
tanβ = 10, m0 = 300 GeV,
√
s = 800 GeV and (Pe−, Pe+) = (−0.8, 0.6). The area A
(B) is kinematically forbidden by mχ˜0
1
+mχ˜0
2
>
√
s (mZ +mχ˜0
1
> mχ˜0
2
). In area C of
plot 2.16b: BR(χ˜02 → Zχ˜01) = 100%. The gray area is excluded by mχ˜±
1
< 104 GeV.
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Figure 2.17: Contour lines of
the asymmetry Aℓ for e+e− →
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2; χ˜
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2 → Zχ˜01;Z → ℓℓ¯(ℓ = e, µ, τ),
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GeV, |µ| = 400 GeV, tan β = 10,
m0 = 300 GeV,
√
s = 800 GeV and
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Figure 2.18: Vector (Vi) and tensor
(Tii) components of the Z density
matrix for e+e− → χ˜01χ˜02; χ˜02 → Zχ˜01,
for M2 = 250 GeV, |µ| = 400 GeV,
ϕµ = 0, tan β = 10, m0 = 300
GeV,
√
s = 800 GeV and (Pe−, Pe+) =
(−0.8, 0.6).
(cosine-like) phase dependence. Therefore, the maximum of the CP asymmetryAf
is shifted from ϕM1, ϕµ = ±π/2 to a smaller or larger value.
In the ϕµ–ϕM1 region shown in Fig. 2.17 also the cross section σ = σP (e
+e− →
χ˜01χ˜
0
2) × BR(χ˜02 → Zχ˜01) × BR(Z → ℓℓ¯) with BR(χ˜02 → Zχ˜01) = 1 and BR(Z →
ℓℓ¯) = 0.1, is rather insensitive to ϕµ and varies between 7 fb (ϕM1 = 0) and 14 fb
(ϕM1 = ±π). The statistical significance for measuring the asymmetry for the lep-
tonic decay of the Z is given by Sℓ = |Aℓ|
√L · σ, see Section 2.3.3. For L = 500 fb−1,
we have Sℓ < 1 in the scenario of Fig. 2.17 and thus Aℓ cannot be measured at the
68% confidence level (Sℓ = 1). For hadronic decays into b(c) quarks, however, the
significance is larger Sb(c) = 7.7(4.9)Sℓ, as discussed Section 2.3.3. For L = 500 fb−1
and (ϕM1 , ϕµ) = (±0.3π, 0) in Fig. 2.17 we find Sb(c) = 8(5) and thus Ab(c) can be
measured.
In Fig. 2.18 we show the ϕM1 dependence of the vector (Vi) (Vi) and tensor (Tii)
components of the Z boson polarization. The components T11, T22 and V1 have a
CP-even dependence on ϕM1 . The component V2 is CP-odd and is not only zero
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for ϕM1 = 0 and ϕM1 = π, but also for ϕM1 ≈ (1 ± 0.2)π, due to the destructive
interference of the contributions from CP violation in production and decay. The
interference of the contributions from the CP-even effects in production and decay
cause the twomaxima of V1. As discussed in Appendix C.4, the tensor components
T11 and T22 are almost equal. Compared to V1 and V2, they have the same order of
magnitude but their dependence on ϕM1 is rather weak. The components T13, V3 <
10−6 are small, and thus the density matrix < ρ(Z) > is almost symmetric. In
the CP conserving case, e.g. for ϕM1 = ϕµ = 0, M2 = 250 GeV, |µ| = 400 GeV,
tanβ = 10,m0 = 300 GeV,
√
s = 800 GeV and (Pe−, Pe+) = (−0.8, 0.6) it reads
< ρ(Z) >=


0.329 0.049 0.0003
0.049 0.343 0.049
0.0003 0.049 0.329

 . (2.50)
In the CP violating case, e.g. for ϕM1 = 0.5π and the other parameters as above,
< ρ(Z) > has imaginary parts due to a non-vanishing V2
< ρ(Z) >=


0.324 0.107 + 0.037i 0.0003
0.107− 0.037i 0.352 0.107 + 0.037i
0.0003 0.107− 0.037i 0.324

 . (2.51)
Imaginary elements of < ρ(Z) > are thus an indication of CP violation. Note that
also the CP even diagonal elements are changed for ϕM1 6= 0 (and also for ϕµ 6= 0).
This fact has been exploited in [46] as a possibility to determine the CP violating
phases. The ϕM1 , ϕµ dependence of the Z-density matrix elements has also been
studied in [47], for e+e− → χ˜01χ˜03 followed by χ˜03 → Zχ˜01.
Production of χ˜02 χ˜
0
2
In Fig. 2.19a we show the cross section σ = σP (e
+e− → χ˜02χ˜02) × BR(χ˜02 → Zχ˜01) ×
BR(Z → ℓℓ¯) in the |µ|–M2 plane for ϕµ = 0 and ϕM1 = 0.5π. The production
cross section σP (e
+e− → χ˜02χ˜02), which is not shown, is enhanced by the choice
(Pe−, Pe+) = (−0.8, 0.6) and reaches values up to 130 fb. The branching ratio
BR(χ˜02 → Zχ˜01) can be 100%, see Fig. 2.16b, however, due to BR(Z → ℓℓ¯) = 0.1,
σ is not larger than 13 fb, see Fig. 2.19a.
If two equal neutralinos are produced, the CP sensitive transverse polarization of
the neutralinos perpendicular to the production plane vanishes, Σ2P = 0 in (2.46).
However, the asymmetry Af obtains CP sensitive contributions from the neu-
tralino decay process, terms with a = 1, 3 in (2.47). In Fig. 2.19b we show for
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Figure 2.19: Contour lines of σ = σP (e
+e− → χ˜02χ˜02)×BR(χ˜02 → Zχ˜01)×BR(Z → ℓℓ¯)
(2.19a), and the asymmetry Aℓ (2.19b) in the |µ|–M2 plane for ϕM1 = 0.5π, ϕµ = 0,
tan β = 10, m0 = 300 GeV,
√
s = 800 GeV and (Pe−, Pe+) = (−0.8, 0.6). The area A
(B) is kinematically forbidden bymχ˜0
2
+mχ˜0
2
>
√
s (mZ +mχ˜0
1
> mχ˜0
2
).
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Figure 2.20: Vector (Vi) and tensor (Tii) components of the Z density matrix for
e+e− → χ˜02χ˜02; χ˜02 → Zχ˜01, forM2 = 250 GeV, |µ| = 400 GeV, ϕµ = 0, tan β = 10,
m0 = 300 GeV,
√
s = 800 GeV and (Pe−, Pe+) = (−0.8, 0.6).
ϕM1 = 0.5π and ϕµ = 0 the |µ| and M2 dependence of the asymmetry Aℓ, which
reaches more than 3%. Along the contour Aℓ = 0 in Fig. 2.19b the contribution to
Aℓ which is proportional to Σ1P , see 2.46, cancels that which is proportional to Σ3P .
As the largest values of Aℓ >∼ 0.2% and Aq >∼ 1% lie in a region of the |µ|–M2 plane
where σ <∼ 0.3 fb, it will be difficult to measureAf in a statistically significant way.
We also studied the ϕµ dependence of Aℓ. In the |µ|–M2 plane for ϕM1 = 0 and
ϕµ = 0.5π we found |Aℓ| < 0.5%, and thus the influence of ϕµ is also small.
In Fig. 2.20 we show the ϕM1 dependence of the vector (Vi) and tensor (Tii) com-
ponents of the Z boson polarization. Because there are only CP sensitive contribu-
tions from the neutralino decay process, V2 is only zero atϕM1 = 0, π and V1 has one
maximum at ϕM1 = π, compared to the components for χ˜
0
1 χ˜
0
2 production, shown
in Fig. 2.18. In addition, the vector components V1 and V2 in Fig. 2.20 are much
smaller than the tensor components T11 ≈ T22. The smallness of V2 accounts for
the smallness of the asymmetry |Aℓ| < 0.05%. Furthermore, the other components
are small, i.e. T13 < 10
−6 and V3 = 0.
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Figure 2.21: Contour lines of σ = σP (e
+e− → χ˜01χ˜03)×BR(χ˜03 → Zχ˜01)×BR(Z → ℓℓ¯)
(2.21a), and the asymmetry Aℓ (2.21b) in the |µ|–M2 plane for ϕM1 = 0.5π, ϕµ = 0,
tan β = 10, m0 = 300 GeV,
√
s = 800 GeV and (Pe−, Pe+) = (0.8,−0.6). The area
A (B) is kinematically forbidden by mχ˜0
1
+mχ˜0
3
>
√
s (mZ +mχ˜0
1
> mχ˜0
3
). The gray
area is excluded bymχ˜±
1
< 104 GeV.
Production of χ˜01 χ˜
0
3
In Fig. 2.21a we show the cross section σ = σP (e
+e− → χ˜01χ˜03) × BR(χ˜03 → Zχ˜01) ×
BR(Z → ℓℓ¯) in the |µ|–M2 plane for ϕµ = 0 and ϕM1 = 0.5π. The production
cross section σP (e
+e− → χ˜01χ˜03), which is not shown, is enhanced by the choice
(Pe−, Pe+) = (0.8,−0.6) and reaches up to 50 fb. The branching ratio BR(χ˜03 →
Zχ˜01), which is not shown, can be 100%, however, due to BR(Z → ℓℓ¯) = 0.1, the
cross section shown in Fig. 2.21a does not exceed 5 fb. In Fig. 2.21b we show the
|µ|–M2 dependence of the asymmetry Aℓ. The asymmetry |Aℓ| reaches 1.3% at its
maximum, however in a region, where σ < 0.3 fb, the asymmetry Aℓ thus cannot
be measured. In the |µ|–M2 plane for ϕM1 = 0 and ϕµ = 0.5πwe found |Aℓ| < 0.7%.
Production of χ˜02 χ˜
0
3
For the process e+e− → χ˜02χ˜03 we discuss the decay χ˜03 → Zχ˜01 of the heavier neu-
tralino which has a larger kinematically allowed region than that for χ˜02 → Zχ˜01.
Similar to χ˜01 χ˜
0
3 production and decay, the cross section σP (e
+e− → χ˜02χ˜03) reaches
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Figure 2.22: Contour lines of σ = σP (e
+e− → χ˜02χ˜03)×BR(χ˜03 → Zχ˜01)×BR(Z → ℓℓ¯)
(2.22a), and the asymmetry Aℓ (2.22b) in the |µ|–M2 plane for ϕM1 = 0.5π, ϕµ = 0,
tanβ = 10, m0 = 300 GeV,
√
s = 800 GeV and (Pe−, Pe+) = (0.8,−0.6). The area
A (B) is kinematically forbidden by mχ˜0
2
+mχ˜0
3
>
√
s (mZ +mχ˜0
1
> mχ˜0
3
). The gray
area is excluded bymχ˜±
1
< 104 GeV.
values up to 50 fb for a beam polarization of (Pe−, Pe+) = (0.8,−0.6) and that for
the complete process σ = σP (e
+e− → χ˜02χ˜03)×BR(χ˜03 → Zχ˜01)×BR(Z → ℓℓ¯) attains
values up to 5 fb in the investigated regions of the |µ|–M2 plane in Fig. 2.22a.
The asymmetry Aℓ, Fig. 2.22b, is somewhat larger than that for χ˜01 χ˜03 production
and decay, and reaches at its maximum 2%. However, it will be difficult to measure
Aℓ, since e.g. for |µ| = 380 GeV, M2 = 560 GeV and (ϕM1, ϕµ) = (0.5π, 0), we
found Sℓ ≈ 1, for L = 500 fb−1. For the hadronic decays of the Z boson we have
Sb(c) ≈ 8(5) and thus Ab(c) is accessible for χ˜01 χ˜03 production. For ϕµ = 0.5π and
ϕM1 = 0 we found that |Aℓ| <∼ 1% in regions of the |µ|–M2 plane where σ <∼ 0.5 fb,
and |Aℓ| <∼ 0.4% in regions where σ <∼ 5 fb.
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2.3.5 Summary of Section 2.3
We have analyzed CP sensitive observables in neutralino production e+e− → χ˜0i χ˜0j
and the subsequent two-body decay of one neutralino into a Z boson χ˜0i → χ˜0nZ,
followed by the decay Z → ℓℓ¯ for ℓ = e, µ, τ , or Z → qq¯ with q = c, b. The
CP sensitive observables are defined by the vector component V2 of the Z boson
density matrix and the CP asymmetry Aℓ(q), which involves the triple product
Tℓ(q) = pe− · (pℓ(q) × pℓ¯(q¯)). The tree level contributions to these observables are
due to correlations of the neutralino χ˜0i spin and the Z boson spin. In a numer-
ical study of the MSSM parameter space with complex M1 and µ for χ˜
0
1χ˜
0
2, χ˜
0
2χ˜
0
2,
χ˜01χ˜
0
3 and χ˜
0
2χ˜
0
3 production, we have shown that the asymmetry Aℓ can go up to
3%. For the hadronic decays of the Z boson, larger asymmetries are obtained with
Ac(b) ≃ 6.3(4.5)×Aℓ.
Chapter 3
CP violation in production and decay
of charginos
Overview
We study chargino production with longitudinally polarized beams e+ e− → χ˜+i χ˜−j
with the subsequent leptonic decay of one chargino χ˜+i → ℓ+ν˜ℓ for ℓ = e, µ, τ [48].
This decay mode allows the definition of a CP asymmetry which is sensitive to
the phase ϕµ and probes CP violation in the chargino production process. For
chargino decay into aW boson χ˜+i → W+χ0n [49], CP observables can be obtained
which are also sensitive to ϕM1 . We present numerical results for the asymmetries,
W polarizations, cross sections and branching ratios at a linear electron-positron
collider with
√
s = 800 GeV.
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3.1 CP asymmetry in chargino production and decay
into a sneutrino
We study chargino production
e+ + e− → χ˜+i + χ˜−j ; i, j = 1, 2, (3.1)
with longitudinally polarized beams and the subsequent two-body decay of one
of the charginos into a sneutrino
χ˜+i → ℓ+ + ν˜ℓ; ℓ = e, µ, τ. (3.2)
We define the triple product
Tℓ = (pe− × pχ+i ) · pℓ (3.3)
and the T-odd asymmetry
ATℓ =
σ(Tℓ > 0)− σ(Tℓ < 0)
σ(Tℓ > 0) + σ(Tℓ < 0) , (3.4)
of the cross section σ for chargino production (3.1) and decay (3.2). The asymmetry
ATℓ is not only sensitive to the phase ϕµ, but also to absorptive contributions, which
are eliminated in the CP asymmetry
Aℓ = 1
2
(ATℓ − A¯Tℓ ), (3.5)
where A¯Tℓ is the CP conjugated asymmetry for the process e+e− → χ˜−i χ˜+j ; χ˜−i →
ℓ− ¯˜νℓ. In this context it is interesting to note that in chargino production it is not
possible to construct a triple product and a corresponding asymmetry by using
transversely polarized e+ and e− beams [17, 50], therefore, one has to rely on the
transverse polarization of the produced chargino.
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3.1.1 Cross section
For the calculation of the cross section for the combined process of chargino pro-
duction (3.1) and the subsequent two-body decay of χ˜+i (3.2), we use the spin-
density matrix formalism as in [27, 51]. The amplitude squared,
|T |2 = |∆(χ˜+i )|2
∑
λi,λ
′
i
ρP (χ˜
+
i )
λiλ
′
i ρD(χ˜
+
i )λ′iλi, (3.6)
is composed of the (unnormalized) spin-density production matrix ρP (χ˜
+
i ), de-
fined in (D.8), and the decay matrix ρD(χ˜
+
i ), defined in (D.36), with the helicity
indices λi and λ
′
i of the chargino. Inserting the density matrices into (3.6) leads to
|T |2 = 4 |∆(χ˜+i )|2 (PD + ΣaPΣaD), (3.7)
where we sum over a. The cross section and distributions are then obtained by
integrating |T |2 over the Lorentz invariant phase space element dLips, defined
in (B.22):
dσ =
1
2s
|T |2dLips(s; pχ−
j
, pℓ, pν˜ℓ). (3.8)
3.1.2 CP asymmetries
Inserting the cross section (3.8) into the definition of the asymmetry (3.4) we obtain
ATℓ =
∫
Sign[Tℓ] |T |2 dLips∫ |T |2 dLips =
∫
Sign[Tℓ] Σ2PΣ2D dLips∫
PD dLips
, (3.9)
where we have already used the narrow width approximation for the chargino
propagator. In the numerator of (3.9) only the CP sensitive contribution Σ2PΣ
2
D
from chargino polarization perpendicular to the production plane remains, since
only this term contains the triple product Tℓ = (pe− ×pχ+i ) ·pℓ (3.3). In the denom-
inator only the term PD remains, since all spin correlations ΣaPΣ
a
D vanish due to
the integration over the complete phase space.
The coefficient Σ2P is non-zero only for production of an unequal pair of charginos,
e+e− → χ˜±1 χ˜∓2 , and obtains contributions from Z-exchange and Z-ν˜ interference
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only, see (D.17). The contribution to Σ2P from Z-exchange, see (D.27), is non-zero
only for ϕµ 6= 0, π, whereas the Z-ν˜ interference term, see (D.28), obtains also ab-
sorptive contributions due to the finite Z-width which do not signal CP violation.
These, however, will be eliminated in the asymmetry Aℓ (3.5).
For chargino decay into a tau sneutrino, χ˜+i → τ+ν˜τ , the asymmetry ATτ ∝ (|Vi1|2−
Y 2τ |Ui2|2)/(|Vi1|2 + Y 2τ |Ui2|2) is reduced, which follows from the expressions for D
and Σ2D, given in (D.39) and (D.40).
3.1.3 Numerical results
We present numerical results for the asymmetries Aℓ (3.5), for ℓ = e, µ, and the
cross sections σ = σP (e
+e− → χ˜+1 χ˜−2 ) × BR(χ˜+1 → ℓ+ν˜ℓ). We study the depen-
dence of the asymmetries and cross sections on the MSSM parameters µ = |µ| ei ϕµ ,
M2 and tanβ. We choose a center of mass energy of
√
s = 800 GeV and longitu-
dinally polarized beams with beam polarizations (Pe−, Pe+) = (−0.8,+0.6), which
enhance ν˜e exchange in the production process. This results in larger cross sections
and asymmetries.
We study the decays of the lighter chargino χ˜+1 . For the calculation of the chargino
widths Γχ+
1
and the branching ratios BR(χ˜+1 → ℓ+ν˜ℓ) we include the following
two-body decays,
χ˜+1 → W+χ˜0n, e+ν˜e, µ+ν˜µ, τ+ν˜τ , e˜+Lνe, µ˜+Lνµ, τ˜+1,2ντ , (3.10)
and neglect three-body decays. In order to reduce the number of parameters, we
assume the relation |M1| = 5/3 M2 tan2 θW . For all scenarios we fix the sneutrino
and slepton masses, mν˜ℓ = 185 GeV, ℓ = e, µ, τ , mℓ˜L = 200 GeV, ℓ = e, µ. These
values are obtained from the renormalization group equations (A.57) and (A.58),
for M2 = 200 GeV, m0 = 80 GeV and tan β = 5. In the stau sector, see Appendix
A.3.3, we fix the trilinear scalar coupling parameter to Aτ = 250 GeV. The stau
masses are fixed tomτ˜1 = 129 GeV andmτ˜2 = 202 GeV.
In Fig. 3.1a we show the contour lines of the cross section for chargino production
and decay σ = σP (e
+e− → χ˜+1 χ˜−2 ) × BR(χ˜+1 → ℓ+ν˜ℓ) in the M2–ϕµ plane for |µ| =
400 GeV and tanβ = 5. The production cross section σP (e
+e− → χ˜+1 χ˜−2 ) can attain
values from 10 fb to 150 fb and BR(χ˜+1 → ℓ+ν˜ℓ), summed over ℓ = e, µ, can be
as large as 50%. Note that σ is very sensitive to ϕµ, which has been exploited in
[17, 18] to constrain cos(ϕµ).
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Figure 3.1: Contour lines of σ = σP (e
+e− → χ˜+1 χ˜−2 ) × BR(χ˜+1 → ℓ+ν˜ℓ), summed
over ℓ = e, µ, (3.1a), and the asymmetry Aℓ for ℓ = e or µ (3.1b), in the M2–
ϕµ plane for |µ| = 400 GeV, tan β = 5, mν˜ℓ = 185 GeV,
√
s = 800 GeV and
(Pe−, Pe+) = (−0.8, 0.6). The gray area is excluded by mχ±
1
< 104 GeV. The area
A is kinematically forbidden by mν˜ℓ + mχ01 > mχ+1 . The area B is kinematically
forbidden by mχ+
1
+mχ−
2
>
√
s.
TheM2–ϕµ dependence of the CP asymmetryAℓ for ℓ = e or µ is shown in Fig. 3.1b.
The asymmetry can be as large as 10% and it does, however, not attain maximal
values for ϕµ = ±0.5π. The reason is that Aℓ is proportional to a product of a CP-
odd (Σ2P ) and a CP-even factor (Σ
2
D), see (3.9). The CP-odd (CP-even) factor has
as sine-like (cosine-like) dependence on ϕµ. Thus the maximum of Aℓ is shifted
towards ϕµ = ±π in Fig. 3.1b. Phases close to the CP conserving points, ϕµ =
0,±π, are favored by the experimental upper limits on the EDMs, as discussed in
Section 1.2.
For M2 = 200 GeV, we show the tan β–ϕµ dependence of σ and Aℓ in Figs. 3.2a,b.
The asymmetry can reach values up to 30% and shows a strong tanβ dependence
and decreases with increasing tanβ. The feasibility of measuring the asymme-
try depends also on the cross section σ = σP (e
+e− → χ˜+1 χ˜−2 ) × BR(χ˜+1 → ℓ+ν˜ℓ),
Fig. 3.2a, which attains values up to 20 fb.
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Figure 3.2: Contour lines of σ = σP (e
+e− → χ˜+1 χ˜−2 ) × BR(χ˜+1 → ℓ+ν˜ℓ), summed
over ℓ = e, µ, (3.2a), and the asymmetry Aℓ for ℓ = e or µ (3.2b), in the tan β–
ϕµ plane for M2 = 200 GeV, |µ| = 400 GeV, mν˜ℓ = 185 GeV,
√
s = 800 GeV and
(Pe−, Pe+) = (−0.8, 0.6). The area A is kinematically forbidden bymν˜ℓ+mχ01 > mχ+1 .
For the phase ϕµ = 0.9π and tan β = 5, we study the beam polarization depen-
dence ofAℓ, which can be strong as shown in Fig. 3.3a. An electron beam polariza-
tion Pe− > 0 and a positron beam polarization Pe+ < 0 enhance the channels with
ν˜e exchange in the chargino production process. For e.g. (Pe−, Pe+) = (−0.8, 0.6)
the asymmetry can attain −7%, Fig. 3.3a, with σP (e+e− → χ˜+1 χ˜−2 ) ≈ 10 fb and
BR(χ˜+1 → ℓ+ν˜ℓ) ≈ 50%, summed over ℓ = e, µ. The cross section σ = σP (e+e− →
χ˜+1 χ˜
−
2 )×BR(χ˜+1 → ℓ+ν˜ℓ) ranges between 2.3 fb for (Pe−, Pe+) = (0, 0) and 6.8 fb for
(Pe−, Pe+) = (−1, 1). The statistical significance of Aℓ, given by Sℓ = |Aℓ|
√
2L · σ,
is shown in Fig. 3.3b for L = 500 fb−1. We have Sℓ ≈ 5 for (Pe−, Pe+) = (−0.8, 0.6),
and thus Aℓ could be accessible at a linear collider, even for ϕµ = 0.9π, by using
polarized beams.
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Figure 3.3: Contour lines of the asymmetry Aℓ for ℓ = e or µ (3.3a), and the signif-
icance Sℓ (3.3b), for e
+e− → χ˜+1 χ˜−2 ; χ˜+1 → ℓ+ν˜ℓ in the Pe−–Pe+ plane for ϕµ = 0.9π,
|µ| = 400 GeV, M2 = 200 GeV, tanβ = 5, mν˜ℓ = 185 GeV,
√
s = 800 GeV and
L = 500 fb−1.
3.1.4 Summary of Section 3.1
We have studied CP violation in chargino production with longitudinally polar-
ized beams, e+e− → χ˜+i χ˜−j , and subsequent two-body decay of one chargino into
the sneutrino χ˜+i → ℓ+ν˜ℓ. We have defined the T-odd asymmetries ATℓ of the triple
product (pe− × pχ˜+i ) · pℓ. The CP-odd asymmetries Aℓ =
1
2
(ATℓ − A¯Tℓ ), where A¯Tℓ
denote the CP conjugated ofATℓ , are sensitive to the phase ϕµ of the Higgsino mass
parameter µ. At tree level, the asymmetries have large CP sensitive contributions
from spin-correlation effects in the production of an unequal pair of charginos. In
a numerical discussion for e+e− → χ˜+1 χ˜−2 production, we have found that Aℓ for
ℓ = e or µ can attain values up to 30%. By analyzing the statistical errors, we
have shown that, even for e.g. ϕµ ≈ 0.9π, the asymmetries could be accessible in
future e+e− collider experiments in the 800 GeV range with high luminosity and
longitudinally polarized beams.
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3.2 CP violation in chargino production and decay into
aW boson
pχ−j
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pχ+i
pχ0n
pW+
pf¯
pf ′
Figure 3.4: Schematic picture of the chargino production and decay process.
CP violation in the chargino sector can be studied also by the two-body decay of
the chargino into a W boson. In contrast to the decay into a sneutrino, the spin
correlations of chargino andW lead to CP observables, which are also sensitive to
the phase of M1. Since these observables have in addition contributions from the
decay, they do not necessarily vanish for e+e− → χ˜±1 χ˜∓1 production. In this mode
CP violation could be established, even if the production of the heavier pair χ˜±1 χ˜
∓
2
is not yet accessible.
We study chargino production
e+ + e− → χ˜+i + χ˜−j ; i, j = 1, 2, (3.11)
with longitudinally polarized beams and the subsequent two-body decay
χ˜+i →W+ + χ˜0n. (3.12)
We define the triple product
TI = pe− · (pχ+i × pW ) (3.13)
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and the T-odd asymmetry
ATI =
σ(TI > 0)− σ(TI < 0)
σ(TI > 0) + σ(TI < 0) , (3.14)
with σ the cross section of chargino production (3.11) and decay (3.12). The asym-
metry ATI is sensitive to the CP violating phase ϕµ.
In order to probe also the phase ϕM1 , which enters in the chargino decay pro-
cess (3.12), we consider the subsequent hadronic decay of theW boson
W+ → c + s¯. (3.15)
The correlations between the χ˜+i polarization and the W boson polarization lead
to CP sensitive elements of theW boson density matrix. The triple product
TII = pe− · (pc × ps¯), (3.16)
which includes the momenta of the W decay products, and thus probes the W
polarization, defines a second T-odd asymmetry
ATII =
σ(TII > 0)− σ(TII < 0)
σ(TII > 0) + σ(TII < 0) . (3.17)
Here, σ is the cross section of production (3.11) and decay of the chargino (3.12)
followed by that of theW boson (3.15). Owing to the spin correlations, ATII has CP
sensitive contributions from ϕµ due to the chargino production process (3.11) and
contributions due to ϕµ and ϕM1 from the chargino decay process (3.12).
The T-odd asymmetries ATI and ATII have also absorptive contributions from s-
channel resonances or final-state interactions, which are eliminated in the CP-odd
asymmetries
AI = 1
2
(ATI − A¯TI ), AII =
1
2
(ATII − A¯TII), (3.18)
where A¯TI,II are the CP conjugated asymmetries for the processes e+e− → χ˜−i χ˜+j ; χ˜−i →
W−χ˜0n and e
+e− → χ˜−i χ˜+j ; χ˜−i → W−χ˜0n;W− → c¯s, respectively.
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3.2.1 Spin density matrix of theW boson
For the calculation of the amplitudes squared for the combined process of chargino
production (3.11) and the subsequent two-body decays (3.12) and (3.15) of χ˜+i we
use the same spin-density matrix formalism as in [27, 51]. The (unnormalized)
spin-density matrix of theW boson
ρP (W
+)λkλ
′
k = |∆(χ˜+i )|2
∑
λi,λ
′
i
ρP (χ˜
+
i )
λiλ
′
i ρD1(χ˜
+
i )
λkλ
′
k
λ′iλi
, (3.19)
is composed of the chargino propagator∆(χ˜+i ), the spin-density production matrix
ρP (χ˜
+
i ), defined in (D.8), and the decay matrix ρD1(χ˜
+
i ), defined in (D.42). The
amplitude squared for the complete process e+e− → χ˜+i χ˜−j ; χ˜+i → W+χ˜0n; W+ →
f
′
f¯ can now be written
|T |2 = |∆(W+)|2 ∑
λk,λ
′
k
ρP (W
+)λkλ
′
k ρD2(W
+)λ′
k
λk , (3.20)
with the decay matrix for W decay ρD2(W
+), defined in (D.45). Inserting the den-
sity matrices ρP (χ˜
+
i ) (D.8) and ρD1(χ˜
+
i ) (D.62) into (3.19) gives
ρP (W
+)λkλ
′
k = 4 |∆(χ˜+i )|2 [(PD1 + ΣaPΣaD1) δλkλ
′
k + (P cD1 + Σ
a
P
cΣaD1) (J
c)λkλ
′
k
+(P cdD1 + Σ
a
P
cdΣaD1) (J
cd)λkλ
′
k ], (3.21)
summed over a, c, d. We have thus decomposed theW production matrix ρP (W
+)
into contributions of scalar (first term), vector (second term), and tensor parts
(third term). Inserting then ρP (W
+) (3.21) and ρD2(W
+) (D.63) into (3.20) gives
|T |2 = 4 |∆(χ˜+i )|2 |∆(W+)|2{3(PD1 + ΣaPΣaD1)D2 + 2(P cD1 + ΣaP cΣaD1) cD2
+4[(P cdD1 + Σ
a
P
cdΣaD1)
cdD2 − 13(P ccD1 + ΣaP ccΣaD1) ddD2]}. (3.22)
3.2.2 W boson polarization
The mean polarization of the W bosons in the laboratory system is given by the
3 × 3 density matrix < ρ(W+) >, obtained by integrating (3.21) over the Lorentz
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invariant phase-space element dLips(s; pχ−
j
, pχ0n, pW ), see (B.39), and normalizing
by the trace
< ρ(W+)λkλ
′
k >=
∫
ρP (W
+)λkλ
′
k dLips∫
Tr{ρP (W+)λkλ′k} dLips
= 1
3
δλkλ
′
k+Vc (J
c)λkλ
′
k+Tcd (J
cd)λkλ
′
k .(3.23)
The components Vc of the vector polarization and Tcd of the tensor polarization are
Vc =
∫
(P cD1 + Σ
a
P
cΣaD1) dLips
3
∫
PD1 dLips
, (3.24)
Tcd = Tdc =
∫
(P cdD1 + Σ
a
P
cdΣaD1) dLips
3
∫
PD1 dLips
, (3.25)
where we have already used the narrow width approximation for the chargino
propagator. The density matrix elements in the helicity basis (B.38) are given by
< ρ(W+)−− > = 1
2
− V3 + T33, (3.26)
< ρ(W+)00 > = −2 T33, (3.27)
< ρ(W+)−0 > = 1√
2
(V1 + iV2)−
√
2 (T13 + iT23), (3.28)
< ρ(W+)−+ > = T11 − T23 + 2iT12, (3.29)
< ρ(W+)0+ > = 1√
2
(V1 + iV2) +
√
2 (T13 + iT23), (3.30)
where we have used T11 + T22 + T33 = −12 .
3.2.3 T-odd asymmetries
From (3.21) we obtain for asymmetry ATI (3.14):
ATI =
∫
Sign[TI ]Tr{ρP (W+)λkλ′k} dLips∫
Tr{ρP (W+)λkλ′k} dLips
=
∫
Sign[TI ]Σ2P Σ2D1dLips∫
PD1 dLips
, (3.31)
with dLips(s; pχ−j
, pχ0n, pW ) given in (B.39), where we have used the narrow width
approximation. In the numerator of (3.31), only the spin correlations Σ2P Σ
2
D1
per-
pendicular to the production plane remain, since only this term contains the triple
product TI = pe− · (pχ+i ×pW ). In the denominator only the term PD1 remains, and
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all spin correlations vanish due to the integration over the complete phase space.
Note that ATI ∝ Σ2D1 ∝ (|ORni|2 − |OLni|2), see (D.59), and thus ATI may be reduced
for |ORni| ≈ |OLni|. Moreover, ATI will be small for m2χ+i −m
2
χ0n
≈ 2m2W , see (D.59).
For the asymmetry ATII (3.17), we obtain from (3.22):
ATII =
∫
Sign[TII ]|T |2dLips∫ |T |2dLips =
∫
Sign[TII ]2ΣaP cΣaD1 cD2 dLips∫
3PD1D2 dLips
, (3.32)
with dLips(s; pχ−j
, pχ0n, pf ′ , pf¯), defined in (B.40), where we have used the narrow
width approximations for the propagators. In the numerator only the vector part
of |T |2 remains because only the vector part contains the triple product TII = pe− ·
(pc × ps¯). In the denominator the vector and tensor parts of |T |2 vanish due to
phase-space integration. Owing to the correlations ΣaP
cΣaD1 between the χ˜
+
i and
the W boson polarization, there are contributions to the asymmetry ATII from the
chargino production process (3.11), and/or from the chargino decay process (3.12).
The contribution from the production is given by the term with a = 2 in (3.32)
and it is proportional to the transverse polarization of the chargino perpendicular
to the production plane Σ2P , see Appendix D.1.2. For the production of a pair of
equal charginos, e+e− → χ˜+i χ˜−i , we haveΣ2P = 0. The contributions from the decay,
given by terms with a = 1, 3 in (3.32), are proportional to
cΣaD1
cD2 ⊃ −2g4mχ0nIm(OR∗ni OLni)(tcW · pf¯)ǫµνρσ sa,µχ+i p
ν
χ+i
pρW t
c,σ
W , (3.33)
see last term of (D.60), which contains the ǫ-tensor. Thus ATII can be enhanced
(reduced) if the contributions from production and decay have the same (opposite)
sign. Note that the contributions from the decay vanish for a two-body decay
of the chargino into a scalar particle instead of a W boson. In order to measure
AI the momentum of χ˜+i , i.e. the production plane, has to be determined. This
could be accomplished by measuring the decay of the other chargino χ˜−j . For the
measurement of AII , the flavors of the quarks c and s¯ have to be distinguished,
which will be possible by flavor tagging of the c-quark [30, 32]. In principle, for
the decay W → u d¯ also an asymmetry similar to AII can be considered, if it is
possible to distinguish between the u and d¯ jet, for instance, by measuring the
average charge.
3.2.4 Numerical results
We study the dependence of AI , AII , and the density matrix < ρ(W+) > on the
MSSM parameters µ = |µ| eiϕµ , M1 = |M1| ei ϕM1 , tanβ and the universal scalar
64 CP violation in production and decay of charginos
mass parameter m0. The feasibility of measuring the asymmetries depends also
on the cross sections σ = σP (e
+e− → χ˜+i χ˜−j ) × BR(χ˜+i → W+χ˜01)× BR(W+ → cs¯),
which we will discuss in our scenarios. We choose a center of mass energy of
√
s =
800 GeV and longitudinally polarized beams with (Pe−, Pe+) = (−0.8,+0.6). This
choice enhances sneutrino exchange in the chargino production process, which re-
sults in larger cross sections and asymmetries. For the calculation of the branching
ratios BR(χ˜+i →W+χ˜01) and widths Γχ+
1
, we include the two-body decays
χ˜+1 → W+χ˜0n, e˜+Lνe, µ˜+Lνµ, τ˜+1,2ντ , e+ν˜e, µ+ν˜µ, τ+ν˜τ , (3.34)
and neglect three-body decays. For the W boson decay we take the experimental
value BR(W+ → cs¯) = 0.31 [45]. In order to reduce the number of parameters,
we assume the relation |M1| = 5/3M2 tan2 θW and use the renormalization group
equations for the slepton and sneutrino masses, see Appendix A.3.4. In the stau
sector, see Appendix A.3.3, we fix the trilinear scalar coupling parameter Aτ =
250 GeV.
Production of χ˜+1 χ˜
−
1
For the production e+e− → χ˜+i χ˜−i of a pair of charginos the polarization perpen-
dicular to the production plane vanishes, and thus AI = 0. However, AII need
not to be zero and is sensitive to ϕµ and ϕM1 , because this asymmetry has con-
tributions from the chargino decay process. For (ϕM1, ϕµ) = (0.5π, 0) we show in
Fig. 3.5a the |µ|–M2 dependence of AII , which can reach values of 5% − 7% for
M2 >∼ 400 GeV. We also studied the ϕµ dependence of AII in the |µ|–M2 plane. For
ϕM1 = 0, ϕµ = 0.1π(0.5π) and the other parameters as given in the caption of
Fig. 3.5, we find |AII | < 2%(7%).
In Fig. 3.5b we show the contour lines of the cross section σ = σP (e
+e− → χ˜+1 χ˜−1 )×
BR(χ˜+1 → W+χ˜01) × BR(W+ → cs¯) in the |µ|–M2 plane for (ϕM1, ϕµ) = (0.5π, 0).
The production cross section σP (e
+e− → χ˜+1 χ˜−1 ) reaches more than 400 fb. For our
choice ofm0 = 300 GeV, χ˜
+
1 → W+χ˜01 is the only allowed two-body decay channel.
In Fig. 3.6a we plot the contour lines of AII for |µ| = 350 GeV andM2 = 400 GeV
in the ϕµ–ϕM1 plane. Fig. 3.6a shows that AII is essentially depending on the sum
ϕµ+ϕM1 . However, maximal phases of ϕM1 = ±0.5π and ϕµ = ±0.5π do not lead to
the highest values of |AII | >∼ 6%, which are reached for (ϕM1, ϕµ) ≈ (±0.8π,±0.6π).
The reason for this is that the spin-correlation terms ΣaP
cΣaD1
cD2 in the numerator
of AII (3.32) are products of CP-odd and CP-even factors. The CP-odd (CP-even)
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Figure 3.5: Contour lines of the asymmetryAII (3.5a) and σ = σP (e+e− → χ˜+1 χ˜−1 )×
BR(χ˜+1 → W+χ˜01) × BR(W+ → cs¯) (3.5b), in the |µ|–M2 plane for (ϕM1, ϕµ) =
(0.5π, 0), tanβ = 5, m0 = 300 GeV,
√
s = 800 GeV and (Pe−, Pe+) = (−0.8, 0.6). The
area A (B) is kinematically forbidden bymχ+
1
+mχ−
1
>
√
s (mW +mχ0
1
> mχ+
1
). The
gray area is excluded bymχ±
1
< 104 GeV.
factors have a sine-like (cosine-like) phase dependence. Therefore, the maximum
of the CP asymmetry AII may be shifted to smaller or larger values of the phases.
In the ϕµ–ϕM1 region shown in Fig. 3.6a the cross section σ = σP (e
+e− → χ˜+1 χ˜−1 )×
BR(χ˜+1 → W+χ˜01)× BR(W+ → cs¯) with BR(χ˜+1 → χ˜01W+) = 1 does not depend on
ϕM1 and ranges between 74 fb for ϕµ = 0 and 66 fb for ϕµ = π.
In Fig. 3.6b we show the contour lines of the significance SII = |AII |
√
2L · σ, de-
fined in (1.18). For L = 500 fb−1 and for e.g. (ϕM1, ϕµ) ≈ (π, 0.1π)we have SII ≈ 8
and thus AII should be measured even for small ϕµ.
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Figure 3.6: Contour lines of and the asymmetry AII (3.6a) and the significance
SII (3.6b) for e
+e− → χ˜+1 χ˜−1 ; χ˜+1 → W+χ˜01; W+ → cs¯, in the ϕµ–ϕM1 plane for
|µ| = 350GeV,M2 = 400GeV, tan β = 5,m0 = 300GeV,
√
s = 800GeV, (Pe−, Pe+) =
(−0.8, 0.6) and L = 500 fb−1. In the gray shaded area of Fig. 3.6b we have SII < 5.
In Figs. 3.7a,b we show the tan β–m0 dependence of AII and σ for (ϕM1 , ϕµ) =
(0.7π, 0). The asymmetry is rather insensitive to m0 and shows strong depen-
dence on tanβ and decreases with increasing tan β >∼ 2. The production cross sec-
tion σP (e
+e− → χ˜+1 χ˜−1 ) increases with increasing m0 and decreasing tan β. For
m0 <∼ 200 GeV, the branching ratio BR(χ˜+1 →W+χ˜01) < 1, since the decay channels
of χ˜+1 into sleptons and/or sneutrinos open, see (3.34).
In Fig. 3.8a we show the ϕµ dependence of the vector (Vi) and tensor (Tij) com-
ponents of the density matrix < ρ(W+) > for ϕM1 = π. In Fig. 3.8b we plot their
ϕM1 dependence for ϕµ = 0. In both figures, the element V2 is CP-odd, while
T13, T11, T22 and V1, V3 show a CP-even behavior. As discussed in Appendix D.3,
the components T11 and T22 are almost equal and have the same order of magni-
tude as V1 and V3, whereas T12, |T23| < 10−5 are small. For CP conserving phases
(ϕM1, ϕµ) = (0, 0) the density matrix reads
< ρ(W+) >=


< ρ−− > < ρ−0 > < ρ−+ >
< ρ0− > < ρ00 > < ρ0+ >
< ρ+− > < ρ+0 > < ρ++ >

 =


0.200 −0.010 −0.001
−0.010 0.487 0.137
−0.001 0.137 0.313

 , (3.35)
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Figure 3.7: Contour lines of the asymmetryAII (3.7a) and σ = σP (e+e− → χ˜+1 χ˜−1 )×
BR(χ˜+1 → W+χ˜01) × BR(W+ → cs¯) (3.7b), in the tan β–m0 plane for (ϕM1, ϕµ) =
(0.7π, 0),M2 = 400 GeV, |µ| = 350 GeV,
√
s = 800 GeV and (Pe−, Pe+) = (−0.8, 0.6).
for M2 = 400 GeV, |µ| = 350 GeV, tanβ = 5, m0 = 300 GeV,
√
s = 800 GeV,
(Pe−, Pe+) = (−0.8, 0.6) For CP violating phases, e.g. (ϕM1 , ϕµ) = (0.7π, 0) and
the other parameters as above, the density matrix has imaginary parts due to a
non-vanishing V2:
< ρ(W+) >=


0.219 −0.010 + 0.025i 0.002
−0.010− 0.025i 0.405 0.171 + 0.025i
0.002 0.171− 0.025i 0.376
.

 (3.36)
Imaginary parts of the density matrix are thus an indication of CP violation.
Production of χ˜+1 χ˜
−
2
For the production of an unequal pair of charginos, e+e− → χ˜+1 χ˜−2 , their polar-
ization perpendicular to the production plane is sensitive to the phase ϕµ, which
leads to a non-vanishing asymmetry AI (3.31). We will study the decay of the
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Figure 3.8: Dependence of vector (Vi) and tensor (Tij) components of theW
+ den-
sity matrix on ϕµ (3.8a) and on ϕM1 (3.8b), for e
+e− → χ˜+1 χ˜−1 ; χ˜+1 → W+χ˜01, for
|µ| = 350 GeV, M2 = 400 GeV, tanβ = 5, m0 = 300 GeV,
√
s = 800 GeV and
(Pe−, Pe+) = (−0.8, 0.6).
lighter chargino χ˜+1 → W+χ˜01. For |M2| = 250 GeV and ϕM1 = 0, we show in
Fig. 3.9a the |µ|–ϕµ dependence of AI , which attains values up to 4%. Note that
AI is not maximal for ϕµ = 0.5π, but is rather sensitive for phases in the regions
ϕµ ∈ [0.7π, π] and ϕµ ∈ [−0.7π,−π]. As discussed in Section 1.2, values of ϕµ
close to the CP conserving points ϕµ = 0,±π are suggested by EDM analyses. For
ϕµ = 0.9π and |µ| = 350 GeV the statistical significance is SI = |AI |
√
2L · σ ≈ 1.5
with L = 500 fb−1. Thus AI could be measured at a confidence level larger than
68% (SI = 1).
In Fig. 3.9bwe show contour lines of the corresponding cross section σ = σP (e
+e− →
χ˜+1 χ˜
−
2 ) × BR(χ˜+1 → W+χ˜01) in the |µ|–ϕµ plane for the parameters as above. The
cross section shows a CP even behavior, which has been used in [17, 18, 50] to con-
strain cosϕµ. In our scenario we have considered the decay of the lighter chargino
χ˜+1 → W+χ˜01 since for our choice m0 = 300 GeV we have BR(χ˜+1 → W+χ˜01) = 1.
For the decay of χ˜+2 , one would have to take into account also the decays into the Z
boson and the lightest neutral Higgs, which would reduce BR(χ˜+2 →W+χ˜01) ≈ 0.2.
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Figure 3.9: Contour lines of the asymmetry AI (3.9a) and σ = σP (e+e− → χ˜+1 χ˜−2 )×
BR(χ˜+1 → W+χ˜01) (3.9b), in the |µ|–ϕµ plane for ϕM1 = 0,M2 = 250 GeV, tan β = 5,
m0 = 300 GeV,
√
s = 800 GeV and (Pe−, Pe+) = (−0.8, 0.6). The area A (B) is
kinematically forbidden bymχ+
2
+mχ−
1
>
√
s (mW +mχ0
1
> mχ+
1
). The gray area is
excluded bymχ±
1
< 104 GeV.
The asymmetry AII is also sensitive to the phase ϕM1 . We show the ϕµ–ϕM1 de-
pendence of AII , choosing the parameters as above, in Fig. 3.10a. In Fig. 3.10b we
show the contour lines of the significance SII = |AII |
√
2L · σ for L = 500 fb−1. For
(ϕM1 , ϕµ) ≈ (π, 0.1π) we have SII ≈ 2.4 and thus AII could be accessible even for
small phases by using polarized beams.
3.2.5 Summary of Section 3.2
We have analyzed CP sensitive observables in chargino production, e+e− → χ˜+i χ˜−j ,
with subsequent two-body decay, χ˜+i →W+χ0n. We have defined the CP asymme-
tryAI of the triple product pe− ·(pχ˜+
i
×pW ). In theMSSMwith complex parameters
µ and M1, we have shown that AI can reach 4% and that even for ϕµ ≈ 0.9π the
asymmetry could be accessible in the process e+e− → χ˜+1 χ˜−2 . Further we have an-
alyzed the CP sensitive density-matrix elements of the W boson. The phase ϕM1
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Figure 3.10: Contour lines of and the asymmetry AII (3.10a) and the significance
SII (3.10b) for e
+e− → χ˜+1 χ˜−2 ; χ˜+1 → W+χ˜01; W+ → cs¯, in the ϕµ–ϕM1 plane for
|µ| = 350GeV,M2 = 250GeV, tan β = 5,m0 = 300GeV,
√
s = 800GeV, (Pe−, Pe+) =
(−0.8, 0.6) and L = 500 fb−1. In the gray shaded area of Fig. 3.10b we have SII < 1.
enters in the decay χ˜+i → W+χ0n due to correlations of the chargino and the W
boson spins, which can be probed via the hadronic decayW+ → cs¯. Moreover the
triple product pe− · (pc × ps¯) defines the CP asymmetry AII , which can be as large
as 7% for χ˜+1 χ˜
−
1 or χ˜
+
1 χ˜
−
2 production. By analyzing the statistical errors of AI and
AII we found that the phases ϕµ and ϕM1 could be strongly constrained at a future
e+e− collider with
√
s = 800 GeV, high luminosity and longitudinally polarized
beams.
Chapter 4
CP violation in sfermion decays
For the sfermion decays
f˜ → f + χ˜0j ; χ˜0j → Z + χ˜01; Z → ℓ+ ℓ¯ ℓ = e, µ, τ, (4.1)
f˜ → f + χ˜0j ; χ˜0j → Z + χ˜01; Z → q + q¯, q = b, c, (4.2)
schematically shown in Fig. (4.1), the triple product of the momenta of the outgo-
ing leptons
Tℓ = pf · (pℓ × pℓ¯), (4.3)
and that of the outgoing quarks,
Tq = pf · (pq × pq¯), (4.4)
χ˜01
f˜f χ˜
0
j
θ1Z
ℓ¯ (q¯)
θ2ℓ (q)
Figure 4.1: Schematic picture of the sfermion decay process.
72 CP violation in sfermion decays
define T-odd asymmetries
ATℓ,q =
Γ(Tℓ,q > 0)− Γ(Tℓ,q < 0)
Γ(Tℓ,q > 0) + Γ(Tℓ,q < 0) (4.5)
of the partial sfermion decay width Γ for the process (4.1). The asymmetries [52]
are sensitive to correlations between the χ˜0j polarization and the Z boson polariza-
tion, which are encoded in the momenta of the final leptons or quarks. The corre-
lations thus would vanish if a scalar particle in place of the Z boson is exchanged.
The tree-level contribution to the asymmetries (4.5) are proportional to the imag-
inary part of a product of the χ˜0j -Z-χ˜
0
1 couplings. However, they are not sensitive
to the phase ϕAf of the trilinear scalar coupling parameter Af , since the decay
f˜ → fχ˜0j (4.1) is a two-body decay of a scalar particle. As an observable in the
process (4.1) which is sensitive to ϕAf , one would have to measure the transverse
polarization of the fermion f , which is possible for f = τ, t [53]. Also three-body
decays of the sfermion f˜ can be studied alternatively [54].
In the numerical study we estimate the event rates necessary to measure the asym-
metries, which can reach 3% for leptonic decays τ˜1 → τ χ˜01 ℓ ℓ¯, and 20% for semi-
leptonic decays like τ˜1 → τ χ˜01 b b¯.
The triple product (4.3) was proposed in [55] and the size of the asymmetry was
calculated for the decay µ˜ → µ χ˜02 → χ˜01 µ ℓ ℓ¯, however, for a specific final state
configuration only. We extend thework of [55] by calculating the asymmetries (4.5)
in the entire phase space.
4.1 Sfermion decay width
For the calculation of the amplitude squared of the subsequent two-body decays
of the sfermion (4.1), we use the spin-density matrix formalism of [27]:
|T |2 = |∆(χ˜0j )|2 |∆(Z)|2
∑
λj ,λ
′
j
,λk,λ
′
k
ρD1(f˜)λjλ′j ρD2(χ˜
0
j)
λ′jλj
λkλ
′
k
ρD3(Z)
λ′
k
λk . (4.6)
The amplitude squared is composed of the propagators ∆(χ˜0j ),∆(Z), the unnor-
malized spin density matrices ρD1(f˜), ρD2(χ˜
0
j ) and ρD3(Z), with the helicity indices
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λj , λ
′
j of the neutralino and/or the helicity indices λk, λ
′
k of the Z boson. Intro-
ducing a set of spin four-vectors sa
χ0j
, a = 1, 2, 3, for the neutralino χ˜0j , see Ap-
pendix (B.49), the density matrices can be expanded in terms of the Pauli matrices
ρD1(f˜)λjλ′j = δλjλ′j D1 + σ
a
λjλ
′
j
ΣaD1 , (4.7)
ρD2(χ˜
0
j )
λ′j ,λj
λk,λ
′
k
=
[
δλ′
j
λj D
µν
2 + σ
b
λ′jλj
Σb µνD2
]
ελk∗µ ε
λ′
k
ν , (4.8)
ρD3(Z)
λ′
k
λk = Dρσ3 ε
λ′
k
∗
σ ελkρ . (4.9)
The polarization vectors ελkµ of the Z boson obey p
µ
Zε
λk
µ = 0 and the completeness
relation
∑
λk
ελk∗µ ε
λk
ν = −gµν+pZµpZν/m2Z . The expansion coefficients of the density
matrices (4.7)-(4.9) are
D1 = (|af˜kj|2 + |bf˜kj|2)(pf ′ · pχ0j ), (4.10)
ΣaD1 = ±mχ0j (|a
f˜
kj|2 − |bf˜kj|2)(pf ′ · saχ0j ), (4.11)
D2ρσ =
4 g2
cos2 θW
{
gρσ
[
2 Re(O′′L1j O
′′R
1j
∗
)mχ0
1
mχ0
j
− (|O′′L1j |2 + |O′′R1j |2)(pχ01 · pχ0j )
]
+ (|O′′L1j |2 + |O′′R1j |2)(pχ0jρpχ01σ + pχ0j σpχ01ρ)
}
, (4.12)
ΣaD2ρσ =
4 i g2
cos2 θW
{
2mχ0
1
Im(O′′L1j O
′′R
1j
∗
)(pχ0jρ s
a
χ0jσ
− pχ0jσ saχ0jρ)
− ερσµν pµχ0
1
saνχ0
j
mχ0j (|O′′L1j |2 + |O′′R1j |2)
+ 2 ερσµν p
µ
χ0
j
saνχ0j
mχ0
1
Re(O′′L1j O
′′R
1j
∗
)
}
, (4.13)
Dρσ3 =
2 g2
cos2 θW
{
− gρσ(L2f +R2f)(pf · pf¯) + (pρf pσf¯ + pρf¯ pσf )(L2f +R2f )
− i (R2f − L2f ) ερσµν pfµ pf¯ν
}
, (4.14)
with ε0123 = 1 and the couplings as defined in Appendix A.2. The negative sign
in (4.11) holds for the decay of a negatively charged sfermion. In (4.10) and (4.11),
f ′ denotes the fermion from the first decay f˜ → f ′ χ˜0j in (4.1). Inserting the density
matrices (4.7)-(4.9) in (4.6), we obtain for the amplitude squared
|T |2 = 2 |∆(χ˜0j)|2 |∆(Z)|2 {D1 D2ρσ + ΣaD1 ΣaD2ρσ}Dρσ3 . (4.15)
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The f˜ decay width for the decay chain (4.1) is then given by
Γ(f˜ → f ′ χ˜01 f f¯) =
1
2mf˜
∫
|T |2dLips(m2
f˜
; pf ′ , pχ0
1
, pf¯ , pf), (4.16)
with the phase-space element dLips defined in Appendix B.3.2.
4.2 T-odd asymmetry
In the following we present in some detail the calculation of the T-odd asymme-
try (4.5) for the slepton decays ℓ˜ → ℓ χ˜0j → ℓ χ˜01 Z → ℓ χ˜01 f f¯ . The replacements
that must be made to obtain the asymmetry for q˜ decays are obvious. From (4.5)
and (4.15) we find
ATℓ,q =
∫
Sign[Tℓ,q]ΣaD1 ΣaD2ρσDρσ3 dLips∫
D1 D2ρσD
ρσ
3 dLips
, (4.17)
where we have already used the narrowwidth approximation for the propagators.
In the numerator we have used
∫
Sign[Tℓ,q]D1 D2ρσDρσ3 dLips = 0 and in the denom-
inator
∫
ΣaD1 Σ
a
D2ρσ
Dρσ3 dLips = 0. Among the spin correlation terms Σ
a
D1
ΣaD2ρσD
ρσ
3
only those contribute to ATℓ,q, which are proportional to the triple product Tℓ,q
ΣaD2ρσD
ρσ
3 ⊃ 32mχ1Im(O′′L1j O′′R1j ∗)(R2f − L2f)ερσµν pχ0jρ saχ0jσ pfµ pf¯ν , (4.18)
see first term of (4.13) and the last term of (4.14). From the explicit representations
of the neutralino spin vector (B.49) and the lepton momentum vector (B.46), we
find in the sfermion rest frame (pℓ · saχ0j ) = 0 for a = 1, 2 so that Σ
1,2
D1
= 0 in (4.11).
Thus only Σ3D2ρσ contributes and the momentum dependent part of (4.18) can be
written as
ερσµν pχ0jρ s
3
χ0
j
σ pfµ pf¯ν = mχ0j pˆℓ · (pf × pf¯ ), (4.19)
with pˆ = p/|p|.
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The dependence of ATf on the ℓ˜k-ℓ-χ˜0j couplings aℓ˜kj , bℓ˜kj , on the Z-f¯ -f couplings
Lf , Rf and on the Z-χ˜
0
1-χ˜
0
j couplings O
′′L,R
1j follows from (4.17) and (4.18):
ATf ∝
|aℓ˜kj|2 − |bℓ˜kj |2
|aℓ˜kj|2 + |bℓ˜kj|2
L2f − R2f
L2f +R
2
f
Im(O′′L1j O
′′R
1j
∗
). (4.20)
Due to the first factor
|aℓ˜
kj
|2−|bℓ˜
kj
|2
|aℓ˜
kj
|2+|bℓ˜
kj
|2 , the asymmetry will be strongly suppressed for
|aℓ˜kj| ≈ |bℓ˜kj| and maximally enhanced for vanishing mixing in the slepton sector.
Due to the second factor
L2
f
−R2
f
L2
f
+R2
f
, the asymmetry ATb(c) for hadronic decays of the Z
boson is larger than the asymmetry ATℓ for leptonic decays:
ATb(c) =
L2ℓ + R
2
ℓ
L2ℓ −R2ℓ
L2b(c) − R2b(c)
L2b(c) +R
2
b(c)
ATℓ ≃ 6.3 (4.5)×ATℓ . (4.21)
For the measurement of ATf the charges and the flavors of f and f¯ have to be dis-
tinguished. For f = e, µ this will be possible on an event by event basis. For f = τ
one has to take into account corrections due to the reconstruction of the τ momen-
tum. For f = b, c the distinction of the quark flavors should be possible by flavor
tagging [30, 31]. However, in this case the quark charges will be distinguished
statistically for a given event sample only.
4.3 Numerical results
Weassume that τ˜1 is the lightest sfermion and study the decay chain τ˜1 → τχ˜0j ; χ˜0j →
χ˜01Z; Z → ℓℓ¯ for the two cases τ˜1 → τχ˜02 and τ˜1 → τχ˜03 separately. We present nu-
merical results for the T-odd asymmetryATℓ (4.5) and the branching ratios BR(τ1 →
τ χ˜01 ℓ ℓ¯) := BR(τ˜1 → τ χ˜0j)× BR(χ˜0j → Zχ˜01)× BR(Z → ℓ ℓ¯). The size of the asym-
metry ATb,c for hadronic decays may be obtained from (4.21).
The relevant MSSM parameters are |µ|, ϕµ, |M1|, ϕM1,M2, tan β, |Aτ |, ϕAτ , mτ˜1 and
mτ˜2 . We fix tan β = 10, |Aτ | = 1 TeV, ϕAτ = 0, mτ˜1 = 300 GeV, mτ˜2 = 800 GeV and
use the relation |M1| = 5/3M2 tan2 θW in order to reduce the number of parame-
ters.
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Table 4.1: Masses and widths for various combinations of ϕµ and ϕM1 , for |µ| =
300 GeV,M2 = 280 GeV, tanβ = 10, Aτ = 1 TeV,mτ˜1 = 300 GeV,mτ˜2 = 800 GeV.
ϕµ ϕM1 mχ01 , mχ02, mχ03 , mχ04 [GeV] Γχ02 [MeV] Γτ˜1 [MeV]
0 0 135, 234, 306, 358 4.06 527
0 π
2
137, 233, 308, 357 1.79 550
0 π 138, 231, 309, 356 0.09 573
π
2
0 137, 239, 307, 353 5.43 487
π
2
π
2
138, 238, 309, 352 2.89 511
π
2
π 137, 237, 311, 351 1.49 529
π 0 138, 245, 309, 347 7.25 448
π π
2
137, 244, 311, 346 5.78 466
π π 136, 243, 313, 345 4.32 484
For the calculation of the branching ratios BR(τ˜1 → τ χ˜0j ) and BR(χ˜0j → Zχ˜01), we
include the decays
τ˜1 → τ χ˜0j , χ˜−j ντ , (4.22)
χ˜0j → Zχ˜01, χ˜∓mW±, χ˜0nH01 , m = 1, 2, n < j. (4.23)
We fix the Higgs mass parameter mA = 800 GeV so that the decays of the neu-
tralino into charged Higgs bosons χ˜0j → χ˜±mH∓, as well as decays into heavy neu-
tral Higgs bosons χ˜0j → χ˜0n H02,3 are forbidden. The decays via sleptons χ˜0j → ℓ ℓ˜
are forbidden due to our assumption that τ˜1 is the lightest sfermion.
4.3.1 Decay chain via τ˜1 → τ χ˜02
We study ATℓ for the decay chain τ˜1 → τχ˜02; χ˜02 → χ˜01Z; Z → ℓℓ¯ for ℓ = e, µ, τ . In
Fig. 4.2a we show the contour lines for the branching ratio BR(τ1 → τ χ˜01 ℓ ℓ¯) =
BR(τ˜1 → τ χ˜02) × BR(χ˜02 → Zχ˜01) × BR(Z → ℓ ℓ¯), summed over ℓ = e, µ, τ , in
the M2-|µ| plane for ϕM1 = π/2 and ϕµ = 0. The τ˜1-τ -χ˜02 coupling |aτ˜12| is larger,
which implies a larger BR(τ˜1 → τ χ˜02) if we choose ME˜ > ML˜. We use the usual
notation ME˜ ≡ MRτ˜ , ML˜ ≡ MLτ˜ , see (A.46) and (A.47). The ordering ME˜ > ML˜
is suggested in some scenarios with non-universal scalar mass parameters at the
GUT scale [56]. Furthermore, in (A.46) and (A.47) one could haveMτ˜RR > Mτ˜LL in
extended models with additional D-terms [57].
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than for ME˜ < ML˜. In a large region of the parameter space BR(χ˜
0
2 → Zχ˜01) = 1.
The asymmetry ATℓ is shown in Fig. 4.2b. The dependence of ATℓ on M2 and |µ| is
dominantly determined by Im(O′′L12 O
′′R
12
∗
), as expected from (4.20).
In Fig. 4.3 we show the ϕM1 and ϕµ dependence of BR(τ˜1 → τ χ01 ℓ ℓ¯) and of AℓT
for |µ| = 300 GeV andM2 = 280 GeV. For these parameters, we also give in Table
4.3.1 the neutralino masses and the total neutralino and stau widths for various
phase combinations. Note that maximal phases ϕµ, ϕM1 = ±π/2 do not lead to the
highest value of ATℓ , since the asymmetry is proportional to a product of CP even
(Σ3D1) and CP odd terms (Σ
3
D2ρσ
Dρσ3 ), see (4.17). We give a lower bound on the
number N of τ˜1’s to be produced at a linear collider, in order to measure ATℓ at 1σ.
We estimateN = [(ATℓ )2×BR]−1 from the relative statistical error of the asymmetry,
see (1.16), with BR = BR(τ1 → τ χ˜01 ℓ ℓ¯). For the point ϕµ = π/2 and ϕM1 = π/2,
marked by • in Fig. 4.3, BR ≈ 2.5% and |ATℓ | ≈ 3%, so that N ≈ 4.4 × 105. For the
decay τ˜1 → bb¯χ˜01τ , however, BR ≈ 3.6% and |ATb | ≈ 19%, so that only N ≈ 7.7×102
τ˜1’s are needed. We obtain almost the same results for smaller CP phases ϕµ = 0
and ϕM1 = −0.3π, marked by ⊗ in Fig. 4.3. In these two examples ATℓ,q should
be measurable at an e+e− linear collider with
√
s = 800 GeV and an integrated
luminosity of 500 fb−1.
4.3.2 Decay chain via τ˜1 → τ χ˜03
We discuss the decay chain τ˜1 → τχ˜03; χ˜03 → χ˜01Z; Z → ℓℓ¯ for ℓ = e, µ, τ . The decay
τ˜1 → τ χ˜03 can be distinguished from τ˜1 → τ χ˜02 by the τ energy. In Fig. 4.4awe show
the contour lines of BR(τ1 → τ χ˜01 ℓ ℓ¯) = BR(τ˜1 → τ χ˜03)×BR(χ˜03 → Zχ˜01)×BR(Z →
ℓ ℓ¯) in the |µ|–M2 plane for ϕM1 = π/2 and ϕµ = 0. We choose ME˜ < ML˜ since the
τ˜1-τ -χ˜
0
3 coupling |aτ˜13| is larger, thus BR(τ˜1 → τ χ˜03) is larger than for ME˜ > ML˜.
However, the total branching ratio is smaller than for the previous decay chain
due to the small BR(τ˜1 → τ χ˜03) < .75(0.05) in the upper (lower) part of Fig. 4.4a.
The asymmetry ATℓ , shown in Fig. 4.4b, vanishes on contours where either |aτ˜13| =
|bτ˜13| or Im(O′′L13 O′′R13 ∗) = 0, see (4.20). Along the contour ATℓ = 0 in the lower part
of Fig. 4.4b we have |aτ˜13| = |bτ˜13|, whereas along the contour line 0 in the upper
part of Fig. 4.4b we have Im(O′′L13O
′′R
13
∗
) = 0. Furthermore, there is a sign change of
Im(O′′L13O
′′R
13
∗
) between the upper and the lower part of Fig. 4.4b (area A). The first
factor in (4.20) increases for |µ|/M2 → 0, since the gaugino component of χ˜03 gets
enhanced, resulting in |bτ˜13|/|aτ˜13| → 0.
In Fig. 4.5 we show the ϕM1 , ϕµ dependence of BR(τ1 → τ χ01 ℓ ℓ¯) and ATℓ , for |µ| =
150 GeV and M2 = 450 GeV. Two points of level crossing appear at (ϕM1, ϕµ) ≈
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(±0.95π,±0.7π) in Fig. 4.5b. Neutralinomasses and the neutralino and stauwidths
are given in Table 4.2. Comparing Fig. 4.3b and Fig. 4.5b, one can see the com-
mon and strong ϕM1 dependence of the asymmetries. In a good approximation
Sign[ATℓ ] ≈ Sign[ϕM1 ] in Fig. 4.3b and Sign[ATℓ ] ≈ −Sign[ϕM1 ] in Fig. 4.5b, due to
the different phase dependence of Im(O′′L12O
′′R
12
∗
) and Im(O′′L13 O
′′R
13
∗
).
4.4 Summary of Chapter 4
We have considered a T-odd asymmetry in the sequential decay of a sfermion f˜ →
f ′ χ˜0j → f ′ χ˜01 Z → f ′ χ˜01 f f¯ . The asymmetry is sensitive to the phases in the
neutralino sector. In a numerical study for stau decay τ˜1 → τχ˜01 f f¯ , we have shown
that the asymmetry can be of the order of 3% for leptonic final states τ χ˜01 ℓ¯ℓ, and
is larger by a factor 6.3 for the semi-leptonic final state τ χ˜01 b¯b. The number of
produced τ˜ ’s which are necessary to observe the asymmetry is at least of the order
105 for leptonic final states, and 103 for semi-leptonic final states, such that the
phases in the neutralino sector may be accessible at future collider experiments.
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|µ| [GeV]
M2[GeV] BR(τ˜1 → τ χ˜01 ℓ ℓ¯) in %
1
2
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Figure 4.2: Contour lines of the branching ratio for τ˜1 → χ˜01τℓℓ¯ and asymmetry
ATℓ in the µ–M2 plane for ϕM1 = π/2 and ϕµ = 0, taking tan β = 10, Aτ = 1 TeV,
mτ˜1 = 300 GeV, mτ˜2 = 800 GeV for ME˜ > ML˜. The gray areas are kinematically
forbidden bymτ˜1 < mχ02 +mτ (light gray) or mχ02 < mχ01 +mZ (dark gray).
Table 4.2: Masses and widths for various combinations of ϕµ and ϕM1 , for |µ| =
150 GeV,M2 = 450 GeV, tanβ = 10, Aτ = 1 TeV,mτ˜1 = 300 GeV,mτ˜2 = 800 GeV.
ϕµ ϕM1 mχ01 , mχ02 , mχ03, mχ04 [GeV] Γχ03 [MeV] Γτ˜1 [MeV]
0 0 128, 156, 238, 467 59.0 362
0 π
2
132, 153, 238, 466 68.2 359
0 π 141, 145, 238, 466 75.5 356
π
2
0 131, 158, 237, 466 41.5 356
π
2
π
2
136, 154, 237, 466 49.4 353
π
2
π 142, 145, 240, 465 73.8 360
π 0 135, 159, 236, 465 27.7 351
π π
2
137, 154, 239, 465 47.5 357
π π 143, 144, 242, 464 71.0 364
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ϕµ[π]
ϕM1 [π] BR(τ˜1 → τ χ˜01 ℓ ℓ¯) in %
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Fig. 4.3b
Figure 4.3: Contour lines of the branching ratio for τ˜1 → χ˜01τℓℓ¯ and asymmetry
ATℓ in the ϕµ–ϕM1 plane for |µ| = 300 GeV, M2 = 280 GeV, taking tan β = 10,
Aτ = 1 TeV,mτ˜1 = 300 GeV,mτ˜2 = 800 GeV forME˜ > ML˜.
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Figure 4.4: Contour lines of the branching ratio for τ˜1 → χ˜01τℓℓ¯ and asymmetry ATℓ
in the |µ|–M2 plane for ϕM1 = π/2, ϕµ = 0, tanβ = 10, Aτ = 1 TeV, mτ˜1 = 300 GeV,
mτ˜2 = 800 GeV and ME˜ < ML˜. The area A (B) is kinematically forbidden by
mχ˜0
3
< mχ˜0
1
+mZ (mτ˜1 < mχ˜03 +mτ ). The gray area is excluded bymχ±1 < 104 GeV.
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Figure 4.5: Contour lines of the branching ratio for τ˜1 → χ˜01τℓℓ¯ and asymmetry ATℓ
in the ϕµ–ϕM1 plane for |µ| = 150 GeV, M2 = 450 GeV, tanβ = 10, Aτ = 1 TeV,
mτ˜1 = 300 GeV,mτ˜2 = 800 GeV andME˜ < ML˜.
Chapter 5
Summary and conclusions
5.1 Summary
In supersymmetric (SUSY) extensions of the Standard Model (SM), several param-
eters can be complex. In the neutralino sector of the Minimal extended Supersym-
metric Standard Model (MSSM), these are the Higgsino mass parameter µ and the
gaugino mass parameter M1. In addition, in the sfermion sector also the trilinear
scalar coupling parameter Af can be complex. The imaginary parts of these pa-
rameters imply CP violating effects in the production and decay of SUSY particles.
In this thesis we have analyzed the implications of ϕµ, ϕM1 and ϕAτ in neutralino
and chargino production and decay in electron-positron collisions. For the decays
of sfermions we have analyzed the effects of ϕµ and ϕM1 . We have analyzed T-odd
and CP-odd asymmetries of triple products of particle momenta or spins. Such
asymmetries are non-zero only if CP is violated. Their measurements at future
colliders allow a determination of the phases, in particular also their signs.
The asymmetries involve angular distributions of the neutralino, chargino and
sfermion decay products. The tree-level calculations in the spin-density formal-
ism include the complete spin correlations between production and decay. Modu-
lar FORTRAN codes have been programmed for numerical analyses.
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For neutralino production, e+e− → χ˜0i χ˜0j , we can summarize as follows:
• For the leptonic two-body decay chain of one of the neutralinos χ˜0i → ℓ˜ℓ1, ℓ˜→
χ˜01ℓ2 for ℓ = e, µ, τ , we have analyzed the asymmetries of two triple products
TI = (pe− ×pχ˜0
i
) ·pℓ1 and TII = (pe− ×pℓ2) ·pℓ1 , which are sensitive to ϕµ and
ϕM1 . In a numerical study for e
+e− → χ˜01χ˜02 and subsequent neutralino decay
into a right slepton χ˜02 → ℓ˜Rℓwe have shown that the asymmetryAI can be as
large as 25%. The asymmetry AII , which does not require the identification
of the neutralino momentum, can reach 10%. Asymmetries of the same order
are obtained for the processes e+e− → χ˜01χ˜03 and e+e− → χ˜02χ˜03.
• For the two-body decay of one neutralino into a stau-tau pair, χ˜0i → τ˜kτ , we
have analyzed the asymmetry of the triple product Tτ = sτ ·(pτ×pe−), which
includes the transverse τ polarization sτ . The asymmetry is sensitive to the
phases ϕµ, ϕM1 and ϕAτ and can attain values up to 60% for e
+e− → χ˜01χ˜02.
• For the neutralino decay into a Z boson, χ˜0i → Zχ˜0n, followed by the decay
Z → ℓℓ¯ for ℓ = e, µ, τ , or Z → qq¯ for q = c, b, we have defined and analyzed
the asymmetry Aℓ(q) of the triple product Tℓ(q) = pe− · (pℓ(q) × pℓ¯(q¯)), which
is sensitive to ϕµ and ϕM1 . We have also identified the CP sensitive elements
of the Z spin-density matrix. For χ˜01χ˜
0
2, χ˜
0
2χ˜
0
2, χ˜
0
1χ˜
0
3 and χ˜
0
2χ˜
0
3 production, the
asymmetry Aℓ can go up to 3%. For the hadronic decays of the Z boson,
larger asymmetries Ac(b) ≃ 6.3(4.5)×Aℓ are obtained.
The results for chargino production, e+e− → χ˜±i χ˜∓j , can be summarized as follows:
• For the two-body decay of one of the charginos into a sneutrino χ˜+i → ℓ+ν˜ℓ,
the asymmetry of the triple product (pe−×pχ˜+i ) ·pℓ is sensitive to ϕµ and can
be as large as 30% for e+e− → χ˜±1 χ˜∓2 .
• For the decay χ˜+i → W+χ0n the triple product TI = pe− · (pχ˜+i × pW ) defines
the asymmetry AI , which is sensitive to ϕµ. The asymmetry AI can reach
4% for e+e− → χ˜±1 χ˜∓2 production. Further, we have analyzed the CP sensi-
tive elements of the W boson spin-density matrix. The phase ϕM1 enters in
the decay χ˜+i → W+χ0n due to correlations of the chargino and the W boson
polarizations, which can be probed via the hadronic decayW+ → cs¯. More-
over the triple product TII = pe− · (pc × ps¯) defines the ϕµ and ϕM1 sensitive
asymmetry AII , which can be as large as 7% for χ˜+1 χ˜−1 or χ˜+1 χ˜−2 production.
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We note in addition that if the neutralinos or charginos decay into scalar particles,
like sleptons or sneutrinos, the asymmetries probe CP violation in the production
process only. The asymmetries are then caused by the neutralino or chargino po-
larizations perpendicular to the production plane, which are non-vanishing only
for the production of a non-diagonal pair of neutralinos e+e− → χ˜0i χ˜0j , i 6= j or
charginos e+e− → χ˜±1 χ˜∓2 . If the neutralinos and charginos decay into particles
with spin, like τ orW and Z bosons, we have found that also the CP phases which
enter in the decay can be probed, in addition to the CP contributions from the
production. This is due to the spin correlations between production and decay.
For the two-body decay chain of a sfermion f˜ → fχ˜0j → fχ˜01 Z → f ′χ˜01 l l¯ (f ′χ˜01 q q¯)
we have obtained the following results:
• We have defined the asymmetries Aℓ,q of the triple products of the momenta
of the outgoing leptons Tℓ = pf · (pℓ×pℓ¯) or quarks Tq = pf · (pq×pq¯), which
are sensitive to ϕµ and ϕM1 . In a numerical study of stau decay τ˜1 → τχ01 f f¯
we found that the asymmetry Aℓ can be of the order of 3% percent for lep-
tonic final states. The number of produced τ˜ ’s necessary to observe Aℓ is at
least of the order 105, which may be accessible at future collider experiments.
For the semi-leptonic final state τ˜1 → τ χ˜01 b b¯ the asymmetry Ab is larger by
a factor 6.3 and could be measured if the number of produced τ˜ ’s is of the
order 103.
• The asymmetries are not sensitive to the phase ϕAf , since the decay f˜ → f χ˜0j
is a two-body decay of a scalar particle. As an observable sensitive to ϕAf ,
one would have to measure the transverse polarization of the fermion f , or
study asymmetries in three-body decays of the sfermion f˜ .
5.2 Conclusions
We have shown that in all the processes studied, triple-product asymmetries can
be defined which are sensitive to the CP phases. Especially promising for mea-
suring the phases are leptonic decays of charginos and neutralinos, where the
asymmetries can be as large as 30%. For neutralino decays into a stau-tau pair,
the asymmetry of the τ polarization may even reach 60%. The asymmetries of
neutralino and chargino decays into a Z or W boson may be as large as 18% and
7%, respectively. For the neutralino and chargino production processes, we have
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found that longitudinal polarization of both beams can significantly enhance the
asymmetries and cross sections.
By analyzing the statistical significances, we have shown that the asymmetries are
accessible in future electron-positron linear collider experiments in the 500 GeV -
800 GeV range with high luminosity and polarized beams. The MSSM phases ϕµ,
ϕM1 and ϕAτ could thus be strongly constrained.
5.3 Outlook
In further investigations our analysis of CP-odd asymmetries in the production
and decay of neutralinos and charginos should be extended to electron-positron
collisions with transverse beam polarizations. For chargino production the asym-
metries of triple products including the transverse beampolarization are only non-
vanishing if the decay of both particles is included.
Moreover, triple products which involve the momenta of the decay products of
both neutralinos (or charginos) could be sensitive to correlations between their
polarizations. These spin-spin correlations would yield additional information on
the CP phases.
Appendix A
Basics of the Minimal
Supersymmetric Standard Model
TheMinimal Supersymmetric StandardModel (MSSM) is characterized by the fol-
lowing properties:
• A minimal gauge group: SU(3)× SU(2)× U(1).
• A minimal content of fields: 3 generations of leptons and quarks, 12 gauge
bosons, 2 Higgs doublets, and their super partners, see Table A.1.
• Explicit SUSY breaking parametrized by soft breaking terms.
• R-parity conservation.
In the following we give a short account on the relevant Lagrangians and cou-
plings, and mixing of neutralinos, charginos and staus.
In terms of superfields, the field content and the parameter content of the MSSM
is well visible, and the Lagrangian can be written in an elegant and short way. We
thus give its electroweak part in terms of superfields in Section A.1, where we also
define the parameters.
For calculations of interaction amplitudes, however, it is more convenient to ex-
pand the MSSM Lagrangian in component fields, which is albeit a more complex
procedure with a longish result. We thus restrict our discussions on the neutralino,
chargino and stau sector, and give the mass matrices in Section A.3. In Section A.2
we give the relevant parts of the Lagrangian.
For detailed reviews of the MSSM and its Lagrangians, see e.g., [58–60]. For a
detailed study of CP violating sources in the MSSM, see [61].
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Table A.1: Particle spectrum of the MSSM
SUSY-partnersSM particles
weak eigenstates mass eigenstates
qu = u, c, t
qd = d, s, b
q˜L, q˜R squarks q˜1, q˜2 squarks
ℓ = e, µ, τ ℓ˜L, ℓ˜R sleptons ℓ˜1, ℓ˜2 sleptons
ν = νe, νµ, ντ ν˜ℓ sneutrinos ν˜ℓ sneutrinos
g g˜ gluino g˜ gluino
W± W˜± wino
(H+1 , H
−
2 ) H˜
+
1 , H˜
−
2 Higgsinos
χ˜±1,2 charginos
γ γ˜ photino
Z0 Z˜0 zino χ˜01,...,4 neutralinos
H01 , (H
0
2 ) H˜
0
1 , H˜
0
2 Higgsinos
A.1 MSSM Lagrangian in terms of superfields
We give the electroweak (EW) part of the MSSM Lagrangian in the superfield for-
malism, which consists of a supersymmetric part and terms which break SUSY
softly
LEW = LSUSY + Lsoft. (A.1)
A.1.1 Superfield content
The left-handed lepton superfields are arranged in SU(2) doublets and the right-
handed ones in SU(2) singlets,
Lˆ =
(
νˆl(x, θ, θ¯)
lˆ(x, θ, θ¯)
)
L
, Rˆ = lˆR(x, θ, θ¯), (A.2)
where the generation indices of e, µ and τ have been suppressed. The super-
fields are functions on the superspace, with spacetime coordinates xµ and anti-
commuting Grassmann variables θα. The lepton superfield contains both bosonic
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and fermionic degrees of freedom. It can be expanded
Lˆ = L˜(x) + iθσµθ¯∂µ L˜(x)− 1
4
θθθ¯θ¯∂µ∂µ L˜(x) +
+
√
2θ L(2)(x) +
i√
2
θθθ¯σ¯µ∂µ L
(2)(x) + θθ FL(x), (A.3)
in terms of the spin-0 slepton field L˜, the spin-1/2Weyl field L(2) and a spin-0 aux-
iliary field FL, which however can be removed by the Euler-Lagrange equations.
The right-handed field Rˆ is expanded similarly to Lˆ.
There are two doublets of chiral Higgs superfields
Hˆ1 =
(
Hˆ11 (x, θ, θ¯)
Hˆ21 (x, θ, θ¯)
)
, Hˆ2 =
(
Hˆ12 (x, θ, θ¯)
Hˆ22 (x, θ, θ¯)
)
, (A.4)
where the upper index denotes the SU(2) index. The component field expansions
of the Higgs fields is similar to that of the lepton field Lˆ (A.3).
The U(1) and SU(2) gauge vector superfields are respectively given by
Vˆ ′ = Y vˆ′(x, θ, θ¯), Vˆ = Ta Vˆ a(x, θ, θ¯), (A.5)
with sum over a = 1, 2, 3 and Y and Ta are the U(1) and SU(2) generators. The
gauge vector superfield contains a bosonic (spin 1) gauge field V aµ , and a fermionic
(spin 1/2) gaugino Weyl field λa
Vˆ a(x, θ, θ¯) = − θσµθ¯ V aµ (x) + iθθθ¯ λ¯a(x)− iθ¯θ¯θ λa(x) +
1
2
θθθ¯θ¯ Da(x). (A.6)
The auxiliary spin-1/2 field Da can be removed by the Euler-Lagrange equations.
The gauge field vˆ′ is expanded similarly to Vˆ a.
A.1.2 The supersymmetric Lagrangian
The supersymmetric Lagrangian contains the kinetic terms for chiral and vector
superfields, as well as a Higgs part
LSUSY = LLepton + LGauge + LHiggs. (A.7)
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The lepton and gauge parts are given by
LLepton =
∫
d4θ [Lˆ† e2gVˆ+g
′Vˆ ′Lˆ+ Rˆ† e2gVˆ+g
′Vˆ ′Rˆ], (A.8)
LGauge = 1
4
∫
d4θ [W aαW aα +W
′αW ′α] δ
2(θ¯) + h.c., (A.9)
where g and g′ are the SU(2) and U(1) gauge couplings. The SU(2) and U(1) field
strengths are defined by
Wα = − 1
8g
D¯D¯e−2gVˆDαe2gVˆ , W ′α = −
1
4
DDD¯αVˆ
′, (A.10)
where D are covariant derivatives. The Higgs part
LHiggs =
∫
d4θ
[
Hˆ†1e
2gVˆ + g′Vˆ ′Hˆ1 + Hˆ
†
2e
2gVˆ + g′Vˆ ′Hˆ2 +Wδ2(θ¯) + W¯ δ2(θ)
]
(A.11)
contains the superpotential
W = WH +WY . (A.12)
The Higgs (H) and Yukawa (Y) parts are
WH = µ ǫ
ijHˆ i1Hˆ
j
2 , WY = ǫ
ij [fHˆ i1Lˆ
jRˆ + f1Hˆ
i
1Qˆ
jDˆ + f2Hˆ
j
2Qˆ
iUˆ ], (A.13)
with µ the Higgsino mass parameter, fi the Yukawa couplings, with the generation
index suppressed, and the antisymmetric tensor ǫ11 = ǫ22 = 0, ǫ12 = −ǫ21 = 1.
Note that in order to be renormalizable, the superpotential can only be cubic in
the superfields at its maximum.
By construction, the Lagrangians given in this section are gauge invariant and in-
variant under supersymmetry transformations. In addition, they are R-parity con-
serving, if trilinear terms inW |θ=0 are disregarded. The Higgsino mass parameter
µ and the Yukawa couplings f can have physical CP-phases.
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A.1.3 The soft SUSY breaking Lagrangian
The most general Lagrangian, which breaks SUSY softly, i.e., which does not lead
to quadratical divergencies, can be classified in scalar mass terms (S) and gaugino
mass terms (G) [62]:
Lsoft = LS + LG. (A.14)
Note that trilinear scalar interaction terms are not R-invariant and will thus be
neglected. The scalar mass term reads (neglecting squark fields)
LS = −
∫
d4θ
[
M2LLˆ
†Lˆ+m2RRˆ
†Rˆ +m21Hˆ
†
1Hˆ1 +m
2
2Hˆ
†
2Hˆ2 +
+m23ǫ
ij(Hˆ i1Hˆ
j
2 + h.c.)
]
δ4(θ, θ¯), (A.15)
with the abbreviationM2LLˆ
†Lˆ = m2ν˜ νˆ
† +m2Llˆ
†
LlˆL. The gaugino mass term
LG = 1
2
∫
d4θ
[
(M1W
′αW ′α +M2W
aαW aα) + h.c.
]
δ4(θ, θ¯) (A.16)
includes the U(1) and SU(2) gaugino mass parameters M1 and M2, respectively.
By redefining the fields, one parameter, usually M2, can be made real, while M1
can have a CP violating phase.
A.2 MSSM Lagrangian in component fields
The MSSM Lagrangians relevant for chargino production and decay are [58]:
LZ0ℓℓ¯ = −
g
cos θW
Zµℓ¯γ
µ[LℓPL +RℓPR]ℓ, (A.17)
Lγχ˜+j χ˜−i = −eAµ ¯˜χ
+
i γ
µχ˜+j δij , e > 0, (A.18)
LZ0χ˜+j χ˜−i =
g
cos θW
Zµ ¯˜χ
+
i γ
µ[O
′L
ij PL +O
′R
ij PR]χ˜
+
j , (A.19)
LW−χ˜+
i
χ˜0
k
= gW−µ ¯˜χ
0
kγ
µ[OLkiPL +O
R
kiPR]χ˜
+
i + h.c., (A.20)
Lℓν˜χ˜+
i
= −gU∗i1 ¯˜χ+i PLνℓ˜∗L − gV ∗i1 ¯˜χ+Ci PLℓν˜∗ + h.c., ℓ = e, µ, (A.21)
Lτ ν˜τ χ˜+i = −g ¯˜χ
+C
i (V
∗
i1PL − YτUi2PR)τ ν˜∗τ + h.c., (A.22)
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Table A.2: Electric charge eℓ and weak isospin T3ℓ of fermions
d u eL eR ν
eℓ −13 +23 −1 −1 0
T3ℓ −12 +12 −12 0 12
and the terms relevant also for neutralino production and decay are [58]:
LZ0χ˜0mχ˜0n =
1
2
g
cos θW
Zµ ¯˜χ
0
mγ
µ[O
′′L
mnPL +O
′′R
mnPR]χ˜
0
n, (A.23)
Lℓℓ˜χ˜0
k
= gfLℓkℓ¯PRχ˜
0
k ℓ˜L + gf
R
ℓkℓ¯PLχ˜
0
kℓ˜R + h.c., (A.24)
Lνν˜χ˜0
k
= gfLνkν¯PRχ˜
0
kν˜L + h.c., (A.25)
with the couplings
Lℓ = T3ℓ − eℓ sin2 θW , Rℓ = −eℓ sin2 θW , (A.26)
O
′L
ij = −Vi1V ∗j1 −
1
2
Vi2V
∗
j2 + δij sin
2 θW , (A.27)
O
′R
ij = −U∗i1Uj1 −
1
2
U∗i2Uj2 + δij sin
2 θW , (A.28)
OLki = −1/
√
2
(
cos βNk4 − sin βNk3
)
V ∗i2 +
(
sin θWNk1 + cos θWNk2
)
V ∗i1, (A.29)
ORki = +1/
√
2
(
sin βN∗k4 + cos βN
∗
k3
)
Ui2 +
(
sin θWN
∗
k1 + cos θWN
∗
k2
)
Ui1, (A.30)
O
′′L
mn = −
1
2
(Nm3N
∗
n3 −Nm4N∗n4) cos 2β −
1
2
(Nm3N
∗
n4 +Nm4N
∗
n3) sin 2β, (A.31)
O
′′R
mn = −O
′′L∗
mn , (A.32)
fLℓk = −
√
2
[
1
cos θW
(T3ℓ − eℓ sin2 θW )Nk2 + eℓ sin θWNk1
]
, (A.33)
fRℓk = −
√
2eℓ sin θW
[
tan θWN
∗
k2 −N∗k1
]
, (A.34)
fLνk = −
√
2
1
cos θW
T3νNk2, (A.35)
with i, j = 1, 2 and k,m, n = 1, . . . , 4. The charge eℓ and the third component of the
weak isospin T3ℓ of each fermion is given in Tab. (A.2). The τ -Yukawa coupling is
given by Yτ = mτ/(
√
2mW cos β).
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For the neutralino decay into staus χ˜0i → τ˜kτ , we take stau mixing into account
and write for the Lagrangian [63]:
Lτ τ˜χi = gτ˜kτ¯ (aτ˜kiPR + bτ˜kiPL)χ0i + h.c. , k = 1, 2; i = 1, . . . , 4, (A.36)
with
aτ˜kj = (Rτ˜kn)∗Aτjn, bτ˜kj = (Rτ˜kn)∗Bτjn, ℓτ˜kj = (Rτ˜kn)∗Oτjn, (n = L,R), (A.37)
Aτj =

 fLτj
hRτj

 , Bτj =

 hLτj
fRτj

 , Oτj =

 −Uj1
YτUj2

 , (A.38)
hLτj = (h
R
τj)
∗ = −Yτ (N∗j3 cos β +N∗j4 sin β), (A.39)
Yτ = mτ/(
√
2mW cos β), (A.40)
with Rτ˜kn given in (A.50) and fL,Rτj given in (A.33), (A.34).
A.3 Mass matrices
A.3.1 Neutralino mass matrix
The complex symmetric mass matrix of the neutral gauginos and Higgsinos in the
basis (γ˜, Z˜, H˜0a , H˜
0
b ) is given by
Y =


M2 sin
2 θW +M1 cos
2 θW (M2 −M1) sin θW cos θW 0 0
(M2 −M1) sin θW cos θW M2 cos2 θW +M1 sin2 θW mZ 0
0 mZ µ sin 2β −µ cos 2β
0 0 −µ cos 2β −µ sin 2β

 ,
(A.41)
with µ the Higgsino mass parameter and tan β = v2
v1
, where v1,2 are the vacuum
expectation values of the two neutral Higgs fields. The mass matrix Yαβ (A.41) can
be diagonalized by a complex, unitary 4× 4matrix Nij [58],
N∗iα Yαβ N
†
βk = mχ˜0i δik, (A.42)
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with the neutralino massesmχ˜0i > 0. Then the weak eigenstates (γ˜, Z˜, H˜
0
a , H˜
0
b )mix
to the neutralino mass eigenstates (χ˜01, χ˜
0
2, χ˜
0
3, χ˜
0
4).
The diagonalization of the neutralino matrix is achieved with the singular value
decomposition [61]. Let Z be a complex n× nmatrix, then:
• Thematrices ZZ† and Z†Z are selfadjoint and have the same real eigenvalues
λi ≥ 0.
• The eigenvectors eˆi connected to the eigenvalues λi built an orthonormal sys-
tem. If some of the λi = 0, the eigenvectors can be completed to built an
orthonormal system.
• Let eˆi be an eigenvector of Z†Z with eigenvalue λi 6= 0, that is Z†Z eˆi = λi eˆi,
then the vectors eˆ′i :=
1√
λi
Z eˆi also built an orthonormal system with Z
† eˆ′i =√
λi eˆi.
Thus Z can be decomposed into its singular values: Z˜ = (eˆ′1 . . . eˆ
′
2)
†Z(eˆ1 . . . eˆ2) =
diag(
√
λi).
A.3.2 Chargino mass matrix
The complex chargino mass matrix is given by
X =
(
M2 mW
√
2 sin β
mW
√
2 cos β µ
)
. (A.43)
It can be diagonalized by two complex unitary 2× 2matrices Umn and Vmn [58],
U∗mα Xαβ V
−1
βn = mχ˜+i
δmn, (A.44)
with the chargino masses mχ˜+i > 0. The chargino-mass eigenstates χ˜
+
i =
(
χ+
i
χ¯−
i
)
are
defined by χ+i = Vi1w
+ + Vi2h
+ and χ−j = Uj1w
− + Uj2h− with w± and h± the two-
component spinor fields of the W-ino and the charged Higgsinos, respectively. We
diagonalize the chargino mass matrix with the singular value decomposition, see
Section A.3.1.
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A.3.3 Stau mass matrix
The masses and couplings of the τ -sleptons follow from the hermitian 2×2 τ˜L− τ˜R
mass matrix [63]:
Lτ˜M = −(τ˜ ∗L, τ˜ ∗R)

 M
2
τ˜LL
e−iϕτ˜ |M2τ˜LR |
eiϕτ˜ |M2τ˜LR | M2τ˜RR



 τ˜L
τ˜R

 , (A.45)
with
M2τ˜LL = M
2
L˜
+ (−1
2
+ sin2 θW ) cos 2β m
2
Z +m
2
τ , (A.46)
M2τ˜RR = M
2
E˜
− sin2 θW cos 2β m2Z +m2τ , (A.47)
M2τ˜RL = (M
2
τ˜LR
)∗ = mτ (Aτ − µ∗ tan β), (A.48)
ϕτ˜ = arg[Aτ − µ∗ tan β], (A.49)
where Aτ is the complex trilinear scalar coupling parameter and ML˜, ME˜ are the
other soft SUSY–breaking parameters of the τ˜i system. In order to reduce the num-
ber of MSSM parameters, we will often use the renormalization group equations
[64], M2
L˜
= m20 + 0.79M
2
2 and M
2
E˜
= m20 + 0.23M
2
2 . The τ˜ mass eigenstates are
(τ˜1, τ˜2) = (τ˜L, τ˜R)Rτ˜ T , with
Rτ˜ =

 e
iϕτ˜ cos θτ˜ sin θτ˜
− sin θτ˜ e−iϕτ˜ cos θτ˜

 , (A.50)
with the mixing angle
cos θτ˜ =
−|M2τ˜LR |√
|M2τ˜LR |2 + (m2τ˜1 −M2τ˜LL)2
, sin θτ˜ =
M2τ˜LL −m2τ˜1√
|M2τ˜LR |2 + (m2τ˜1 −M2τ˜LL)2
, (A.51)
and the mass eigenvalues
m2τ˜1,2 =
1
2
[
(M2τ˜LL +M
2
τ˜RR
)∓
√
(M2τ˜LL −M2τ˜RR)2 + 4|M2τ˜LR |2
]
. (A.52)
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A.3.4 First and second generation sfermion masses
The off-diagonal terms of the sfermionmassmatrices are proportional to the fermion
mass. For fermions of the first and second generation, whose masses are small
compared to SUSY masses, their mass matrices are diagonal to a good approx-
imation. For these sfermions we will assume the approximate solutions to the
renormalization group equations [64]:
m2
f˜L,R
= m2f +m
2
0 + C(f˜)M
2
2 ±m2Z cos 2β(T3f − ef sin2 θW ). (A.53)
where T3f is the third component of weak isospin, m0 is the common scalar mass
parameter at the GUT-scale, and C(f˜) depends on the sfermion
C(ℓ˜L) ≈ 0.79, C(ℓ˜R) ≈ 0.23, (A.54)
C(q˜L) ≈ 10.8, C(q˜R) ≈ 10.1. (A.55)
For the slepton and sneutrino masses we have
m2
ℓ˜R
= m20 + 0.23M
2
2 −m2Z cos 2β sin2 θW , (A.56)
m2
ℓ˜L
= m20 + 0.79M
2
2 +m
2
Z cos 2β(−
1
2
+ sin2 θW ), (A.57)
m2ν˜ℓ = m
2
0 + 0.79M
2
2 +
1
2
m2Z cos 2β. (A.58)
Appendix B
Kinematics and phase space
B.1 Spherical trigonometry
For the parametrization of the phase space one often needs the following relations
from spherical trigonometry. Consider the following spherical triangle with sides
a, b, c and angles A,B,C.
x
y
z
A
eˆ1
eˆ2
eˆ3
a
c
b
B C
A
◗s
The unit vectors of the triangle sides are given by
eˆ1 = (0, 0, 1), (B.1)
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eˆ2 = (sin c, 0, cos c), (B.2)
eˆ3 = (sin b cosA, sin b sinA, cos b). (B.3)
In the following we give formulas relating the sides and the angles of the triangle
[65, 66]:
• law of sines
sin a
sinA
=
sin b
sinB
=
sin c
sinC
. (B.4)
• law of cosines for sides (cosine theorem)
cos a = cos b cos c+ sin b sin c cosA. (B.5)
Similar formulae for the other sides may be obtained by cyclical permuta-
tions.
• law of cosines for angles
cosA = − cosB cosC + sinB sinC cos a, (B.6)
etc, cyclically.
• products of functions from sides and angles
sin a cosB = cos b sin c− sin b cos c cosA, (B.7)
sin a cosC = cos c sin b− sin c cos b cosA. (B.8)
The products sin b cosC and sin c cosA are obtained from (B.7) by cyclical per-
mutations. The products sin b cosA and sin c cosB are obtained from (B.8) by
cyclical permutations.
sinA cos b = cosB sinC + sinB cosC cos a, (B.9)
sinA cos c = cosC sinB + sinC cosB cos a. (B.10)
The products sinB cos c and sinC cos a are obtained from (B.9) by cyclical per-
mutations. The products sinB cos a and sinC cos b are obtained from (B.10) by
cyclical permutations.
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B.2 Kinematics of neutralino/charginoproduction and
decay
B.2.1 Momenta and spin vectors of the production process
We choose a coordinate frame in the laboratory system (center of mass system)
such that the momentum of the neutralino χ˜0j or chargino χ˜
−
j , denoted by pχj ,
points in the z-direction (in our definitions we follow closely [39, 51]). The scat-
tering angle is θ 6 (pe− ,pχj) and the azimuth φ can be chosen zero. The momenta
are
pµe− = Eb(1,− sin θ, 0, cos θ), pµe+ = Eb(1, sin θ, 0,− cos θ), (B.11)
pµχi = (Eχi, 0, 0,−q), pµχj = (Eχj , 0, 0, q), (B.12)
with the beam energy Eb =
√
s/2 and
Eχi =
s+m2χi −m2χj
2
√
s
, Eχj =
s +m2χj −m2χi
2
√
s
, q =
λ
1
2 (s,m2χi, m
2
χj
)
2
√
s
, (B.13)
where λ(x, y, z) = x2+y2+z2−2(xy+xz+yz). For the description of the polarization
of the neutralino χ˜0i or chargino χ˜
+
i we choose three spin vectors
s1, µχi = (0,−1, 0, 0), s2, µχi = (0, 0, 1, 0), s3, µχi =
1
mχi
(q, 0, 0,−Eχi). (B.14)
Together with pµχi/mχi they form an orthonormal set
saχi · sbχi = −δab, saχi · pχi = 0. (B.15)
B.2.2 Momenta and spin vectors of leptonic decays
If the neutralino or chargino decays into a lepton, χ˜0i → ℓ1ℓ˜ or χ˜+i → ℓ1ν˜ℓ, in short
χ˜i → ℓ1ξ˜, it is suitable to parametrize in terms of the angle θ1 = 6 (pℓ1 ,pχi):
pµℓ1 = (Eℓ1 ,−|pℓ1| sin θ1 cosφ1, |pℓ1| sin θ1 sin φ1,−|pℓ1 | cos θ1), (B.16)
Eℓ1 = |pℓ1 | =
m2χi −m2ξ˜
2(Eχi − q cos θ1)
. (B.17)
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For the subsequent slepton decay ℓ˜→ ℓ2χ˜01 we define θ2 = 6 (pℓ2,pχi) and write
pµℓ2 = (Eℓ2,−|pℓ2 | sin θ2 cosφ2, |pℓ2 | sin θ2 sinφ2,−|pℓ2 | cos θ2), (B.18)
Eℓ2 = |pℓ2| =
m2
ℓ˜
−m2
χ0
1
2(Eℓ˜ − |pχi − pℓ1 | cos θD2)
, (B.19)
with θ2 = 6 (pℓ2 ,pχi), the decay angles θD2 6 (pℓ˜,pℓ2), θD1 6 (pχi,pℓ˜) and
cos θD2 = cos θD1 cos θ2−sin θD1 sin θ2 cos(φ2−φ1), cos θD1 =
pχi(pχi − pℓ1)
|pχi| |pχi − pℓ1|
.(B.20)
If the neutralino decays into a stau, χ˜0i → τ˜mτ , m = 1, 2 , the τ spin vectors are
chosen by
s1τ =
(
0,
s2 × s3
|s2 × s3|
)
, s2τ =
(
0,
pτ × pe−
|pτ × pe−|
)
, s3τ =
1
mτ
(
|pτ |, Eτ|pτ |pτ
)
. (B.21)
B.2.3 Phase space for leptonic decays
For neutralino/chargino production e+e− → χ˜iχ˜j and subsequent leptonic decay
χ˜0i → ℓ1ℓ˜ or χ˜+i → ℓ1ν˜ℓ, in short χ˜i → ℓ1ξ˜, the Lorentz invariant phase-space ele-
ment can be decomposed into two-body phase-space elements [65]:
dLips(s; pχj , pℓ1, pξ˜) =
1
2π
dLips(s; pχi, pχj) dsχi dLips(sχi; pℓ1 , pξ˜). (B.22)
For ξ˜ = ℓ˜, we can include the subsequent selectron decay ℓ˜ → ℓ2χ˜01 and have for
the complete process e+e− → χ˜0i χ˜0j ; χ˜0i → ℓ1ℓ˜; ℓ˜→ ℓ2χ˜01:
dLips(s; pχj , pℓ1, pℓ2 , pχ01) =
1
2π
dLips(s; pχj , pℓ1, pℓ˜) dsℓ˜ dLips(sℓ˜; pℓ2, pχ01, ). (B.23)
The several parts of the phase space elements are
dLips(s; pχi, pχj) =
q
8π
√
s
sin θ dθ, (B.24)
dLips(sχi; pξ˜, pℓ1) =
1
2(2π)2
|pℓ1|2
m2χi −m2ξ˜
dΩ1, (B.25)
dLips(sℓ˜; pℓ2, pχ01) =
1
2(2π)2
|pℓ2|2
m2
ξ˜
−m2χ1
dΩ2, (B.26)
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with sχi = p
2
χi
, sξ˜ = p
2
ξ˜
and dΩi = sin θi dθi dφi. We use the narrow width ap-
proximation for the propagators
∫ |∆(χ˜i)|2 dsχi = πmχiΓχi ,
∫ |∆(ℓ˜)|2dsℓ˜ = πm
ℓ˜
Γ
ℓ˜
. The
approximation is justified for (Γχi/mχi)
2 ≪ 1, and (Γℓ˜/mℓ˜)2 ≪ 1, which holds in
our case with Γχi <∼ O(1GeV) and Γℓ˜ <∼ O(1GeV).
B.2.4 Energy distributions of the decay leptons
For neutralino production e+e− → χ˜0i χ˜0j and the subsequent leptonic decay χ˜0i →
ℓ1ℓ˜, and ℓ˜→ ℓ2χ˜01, the two decay leptons ℓ1 and ℓ2 can be distinguished by their dif-
ferent energy distributions. The energy distribution of lepton ℓ1 in the laboratory
system has the form of a box with the endpoints
Eℓ1,min,max =
m2
χ0i
−m2
ℓ˜
2(Eχ0i ± q)
, (B.27)
with q the neutralino momentum. The energy distribution of the second lepton ℓ2
is obtained by integrating over the energy Eℓ˜ of the decaying slepton
1
σ
dσ
dEℓ2
=
m2
ℓ˜
m2
χ0i
q[m2
χ0
i
−m2
ℓ˜
][m2
ℓ˜
−m2
χ0
1
]
×


ln
Eℓ2
A ; A ≤ Eℓ2 ≤ a
ln aA ; a ≤ Eℓ2 ≤ b
ln BEℓ2
; b ≤ Eℓ2 ≤ B
(B.28)
with
A,B =
m2
ℓ˜
−m2
χ0
1
2m2
ℓ˜
(
Eℓ˜,max ∓
√
E2
ℓ˜,max
−m2
ℓ˜
)
(B.29)
a, b =
m2
ℓ˜
−m2
χ0
1
2m2
ℓ˜
(
Eℓ˜,min ∓
√
E2
ℓ˜,min
−m2
ℓ˜
)
(B.30)
Eℓ˜,max,min =
Eχ0i (m
2
χ0
i
+m2
ℓ˜
)± (m2
χ0
i
−m2
ℓ˜
)
√
E2
χ0
i
−m2
χ0
i
2m2
χ0
i
. (B.31)
102 Kinematics and phase space
B.2.5 Momenta and spin vectors of bosonic decays
For the bosonic two-body decays of neutralino χ˜0i → Z0χ˜0n or chargino χ˜+i →
W+χ˜0n, in short χ˜i → Bχ˜0n, we define the decay angle between neutralino (or
chargino) and the boson B as θ1 6 (pχi ,pB). The angle is constrained by sin θ
max
1 =
q′/q for q > q′, where q′ = λ
1
2 (m2χi , m
2
B, m
2
χ0n
)/2mB is the neutralino (chargino) mo-
mentum if the boson B is produced at rest. In this case there are two solutions
|p±B| =
(m2χi +m
2
B −m2χ0n)q cos θ1 ±Eχi
√
λ(m2χi, m
2
B, m
2
χ0n
)− 4q2 m2B (1− cos2 θ1)
2q2(1− cos2 θ1) + 2m2χi
.
(B.32)
For q′ > q, the angle θ1 is not constrained and only the physical solution |p+B| is left.
We parametrize the momenta of the decay B → f f¯ in the laboratory system as
p±, µB = (E
±
B ,−|p±B| sin θ1 cos φ1, |p±B| sin θ1 sin φ1,−|p±B| cos θ1), (B.33)
pµ
f¯
= (Ef¯ ,−|pf¯ | sin θ2 cosφ2, |pf¯ | sin θ2 sin φ2,−|pf¯ | cos θ2), (B.34)
Eµ
f¯
= |pf¯ | =
m2B
2(E±B − |p±B| cos θD2)
, (B.35)
with θ2 6 (pχi ,pf¯) and the decay angle θD2 6 (pB,pf¯) given by
cos θD2 = cos θ1 cos θ2 + sin θ1 sin θ2 cos(φ2 − φ1). (B.36)
The three spin vectors tcB of the boson B = Z
0,W+ are in the laboratory system
t1, µB =
(
0,
t2B × t3B
|t2B × t3B|
)
, t2, µB =
(
0,
pe− × pB
|pe− × pB|
)
, t3, µB =
1
mB
(
|pB|, EB pB|pB|
)
.
(B.37)
Together with pµB/mB they form an orthonormal set. The polarization four-vectors
ελk for helicities λk = −1, 0,+1 of the boson are defined by
ε− = 1√
2
(t1B − it2B); ε0 = t3B; ε+ = − 1√2(t1B + it2B). (B.38)
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B.2.6 Phase space for bosonic decays
For neutralino/chargino production e+e− → χ˜iχ˜j and subsequent decay of the
neutralino χ˜0i → Z0χ˜0n or chargino χ˜+i → W+χ˜0n, in short χ˜i → Bχ˜0n, the Lorentz
invariant phase-space element can be decomposed into two-body phase-space el-
ements [65]:
dLips(s; pχj , pχ0n, pB) =
1
2π
dLips(s; pχi, pχj) dsχi
∑
±
dLips(sχi ; pχ0n, p
±
B). (B.39)
If we include the subsequent decay B → f f¯ we have
dLips(s; pχj , pχ0n, pf , pf¯) =
1
2π
dLips(s; pχj , pχ0n, pB) dsB dLips(sB; pf , pf¯). (B.40)
The several parts of the phase space elements are given by
dLips(s; pχi, pχj) =
q
8π
√
s
sin θ dθ, (B.41)
dLips(sχi; pχ0n, p
±
B) =
1
2(2π)2
|p±B|2
2|E±B q cos θ1 −Eχi |p±B||
dΩ1, (B.42)
dLips(sB; pf , pf¯) =
1
2(2π)2
|pf¯ |2
m2B
dΩ2, (B.43)
with sχi = p
2
χi
, sB = p
2
B and dΩi = sin θi dθi dφi. We use the narrow width ap-
proximation for the propagators
∫ |∆(χ˜i)|2 dsχi = πmχiΓχi ,
∫ |∆(B)|2dsB = πmBΓB .
The approximation is justified for (Γχi/mχi)
2 ≪ 1, which holds in our case with
Γχi <∼ O(1GeV).
B.3 Kinematics of sfermion decays
B.3.1 Momenta and spin vectors
We consider the slepton decay chain ℓ˜ → ℓχ˜0j , χ˜0j → χ˜01Z, Z → f f¯ . The substitu-
tions which must be made for similar decay chains of a squark are obvious. The
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momenta in the slepton rest frame are
pµZ = (EZ , 0, 0, |p±Z |), (B.44)
pµ
χ0j
= |pχ0
j
|(Eχ0
j
/|pχ0
j
|, sin θ1, 0, cos θ1), (B.45)
pµ
f¯
= |pf¯ |(Ef¯/|pf¯ |, sin θ2 cosφ2, sin θ2 sinφ2, cos θ2), (B.46)
|pχ0j | =
m2
ℓ˜
−m2
χ0
j
2mℓ˜
, |pf¯ | =
m2Z
2(EZ − |pZ| cos θ2) . (B.47)
There are two solutions for |p±Z |, see (B.32), if the decay angle θ1 = 6 (pZ ,pχi) is
constrained by
sin θmax1 =
mℓ˜
mZ
λ
1
2 (m2χj , m
2
Z , m
2
χ1
)
(m2
ℓ˜
−m2χj )
≤ 1. (B.48)
The χ˜0j spin vectors in the ℓ˜ rest frame are
s1, µ
χ0j
=

0, s
2
χ0j
× s3
χ0j
|s2
χ0j
× s3
χ0j
|

 , s2, µ
χ0j
=

0, pχ0j × pZ|pχ0j × pZ|

 , s3, µ
χ0j
=
1
mχ0j

|pχ0
j
|, Eχ0
j
pχ0j
|pχ0j |

 .
(B.49)
Together with pµ
χ0j
/mχ0j they form an orthonormal set.
B.3.2 Phase space for sfermion decays
The Lorentz invariant phase-space element for the decay chain ℓ˜→ ℓχ˜0j , χ˜0j → χ˜01Z,
Z → f f¯ can be written in the rest frame of ℓ˜ as
dLips(m2
ℓ˜
; pℓ, pχ0
1
, pf¯ , pf) =
1
(2π)2
dLips(m2
ℓ˜
; pℓ, pχ0
j
) dsχ0
j
∑
±
dLips(sχ0
j
; pχ0
1
, p±Z) dsZ dLips(sZ ; pf¯ , pf), (B.50)
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dLips(m2
ℓ˜
; pℓ, pχ0j ) =
1
8(2π)2

1− m
2
χ0j
m2
ℓ˜

 dΩ, (B.51)
dLips(sχ0
j
; pχ0
1
, p±Z) =
1
4(2π)2
|p±Z |2
|E±Z |pχ0j | cos θ1 − Eχ0j |p±Z ||
dΩ1, (B.52)
dLips(sZ ; pf¯ , pf) =
1
8(2π)2
m2Z
(E±Z − |p±Z | cos θ2)2
dΩ2, (B.53)
with sχ0j = p
2
χ0
j
, sZ = p
2
Z and dΩi = sin θi dθi dφi. We use the narrow width ap-
proximation for the propagators
∫ |∆(χ˜0j)|2 dsχ0j = πmχ0
j
Γ
χ0
j
,
∫ |∆(Z)|2dsZ = πmZΓZ .
The approximation is justified for (Γχ0
j
/mχ0
j
)2 ≪ 1, which holds in our case with
Γχ0j
<∼ O(1GeV).
Appendix C
Spin-density matrices for neutralino
production and decay
We give the analytic formulae for the squared amplitudes for neutralino produc-
tion, e+ e− → χ˜0i χ˜0j , with longitudinally polarized beams, and for different sub-
sequent two-body decay chains of one neutralino. We use the spin density matrix
formalism as in [27, 39, 66]. The amplitude squared can then be written
|T |2 = |∆(χ˜0i )|2
∑
λiλ
′
i
ρP (χ˜
0
i )
λiλ
′
i ρD(χ˜
0
i )λ′iλi , (C.1)
with ρP (χ˜
0
i ) the spin density production matrix of neutralino χ˜
0
i , the propagator
∆(χ˜0i ) = i/[sχ0i −m2χ0i + imχ0iΓχ0i ] and the neutralino decay matrix ρD(χ˜
0
i ).
C.1 Neutralino production
For the production of neutralinos
e+ + e− → χ˜0i (pχ0i , λi) + χ˜0j(pχ0j , λj), (C.2)
with momentum p and helicity λ, the unnormalized spin-density matrix of neu-
tralino χ˜0i is defined as
ρP (χ˜
0
i )
λiλ
′
i =
∑
λj
T
λiλj
P T
λ′iλj∗
P . (C.3)
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The helicity amplitudes are [39, 66]:
T
λiλj
P (s, Z) =
g2
cos2 θW
∆s(Z)v¯(pe+)γ
µ(LePL +RePR)u(pe−)
×u¯(pχ0
j
, λj)γµ(O
′′L
ji PL +O
′′R
ji PR)v(pχ0i , λi), (C.4)
T
λiλj
P (t, e˜L) = −g2fLeifL∗ej ∆t(e˜L)v¯(pe+)PRv(pχ0i , λi)u¯(pχ0j , λj)PLu(pe−), (C.5)
T
λiλj
P (t, e˜R) = −g2fReifR∗ej ∆t(e˜R)v¯(pe+)PLv(pχ0i , λi)u¯(pχ0j , λj)PRu(pe−), (C.6)
T
λiλj
P (u, e˜L) = g
2fL∗ei f
L
ej∆
u(e˜L)v¯(pe+)PRv(pχ0j , λj)u¯(pχ0i , λi)PLu(pe−), (C.7)
T
λiλj
P (u, e˜R) = g
2fR∗ei f
R
ej∆
u(e˜R)v¯(pe+)PLv(pχ0
j
, λj)u¯(pχ0
i
, λi)PRu(pe−). (C.8)
The propagators are
∆s(Z) =
i
s−m2Z + imZΓZ
, ∆t(e˜R,L) =
i
t−m2e˜R,L
, ∆u(e˜R,L) =
i
u−m2e˜R,L
, (C.9)
with s = (pe− + pe+)
2, t = (pe−−pχ0j )2 and u = (pe−−pχ0i )2. The Feynman diagrams
are shown in Fig. C.1.
e− χ˜0i
e+ χ˜0j
Z0
e− χ˜0i
e+ χ˜0j
e˜L,R
e−
e+ χ˜0i
χ˜0j
e˜L,R
Figure C.1: Feynman diagrams for neutralino production
For the polarization of the decaying neutralino χ˜0i with momentum pχ0i we have
introduced three space like spin vectors sa
χ0i
(B.14). Then the neutralino production
matrix (C.3) can be expanded in terms of the Pauli matrices, see Appendix F.1:
ρP (χ˜
0
i )
λiλ
′
i = 2(δλiλ′iP + σ
a
λiλ
′
i
ΣaP ), (C.10)
where we sum over a and the factor 2 is due to the summation of the helicities of
the second neutralino χ˜0j , whose decay will not be considered. With our choice of
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the spin vectors, Σ3P/P is the longitudinal polarization of neutralino χ˜
0
i , Σ
1
P/P is
the transverse polarization in the production plane and Σ2P/P is the polarization
perpendicular to the production plane. Only if there are non-vanishing CP phases
ϕM1 and/or ϕµ in the neutralino sector, and only if two different neutralinos are
produced, e+ e− → χ˜0i χ˜0j , i 6= j, the polarization Σ2P/P perpendicular to the pro-
duction plane is non-zero. Thus it is a probe for CP violation in the production of
an unequal pair of neutralinos. Note that Σ2P also gets contributions from the finite
Z width, which however do not signal CP violation.
We give the analytical formulae for P and Σ1P ,Σ
2
P ,Σ
3
P in the laboratory system [66]
in the following sections. Lorentz invariant expressions for these functions can be
found in [39, 66].
C.1.1 Neutralino polarization independent quantities
The coefficient P is independent of the neutralino polarization. It can be composed
into contributions from the different production channels
P = P (ZZ) + P (Ze˜R) + P (e˜Re˜R) + P (Ze˜L) + P (e˜Le˜L), (C.11)
with
P (ZZ) = 2
g4
cos4 θW
|∆s(Z)|2(R2ecR + L2ecL)E2b
×
{
|O′′Rij |2(Eχ0iEχ0j + q
2 cos2 θ)− [(ReO′′Rij )2 − (ImO
′′R
ij )
2]mχ0
i
mχ0
j
}
, (C.12)
P (Ze˜R) =
g4
cos2 θW
RecRE
2
bRe
{
∆s(Z)
×
[
− (∆t∗(e˜R)fR∗ei fRejO
′′R∗
ij +∆
u∗(e˜R)fReif
R∗
ej O
′′R
ij )mχ0imχ0j
+(∆t∗(e˜R)fR∗ei f
R
ejO
′′R
ij +∆
u∗(e˜R)fReif
R∗
ej O
′′R∗
ij )(Eχ0iEχ0j + q
2 cos2 θ)
−(∆t∗(e˜R)fR∗ei fRejO
′′R
ij −∆u∗(e˜R)fReifR∗ej O
′′R∗
ij )2Ebq cos θ
]}
, (C.13)
P (e˜Re˜R) =
g4
4
cRE
2
b
{
|fRei |2|fRej|2 ×[
(|∆t(e˜R)|2 + |∆u(e˜R)|2)(Eχ0iEχ0j + q2 cos2 θ)
−(|∆t(e˜R)|2 − |∆u(e˜R)|2)2Ebq cos θ
]
−Re{(fR∗ei )2(fRej)2∆u(e˜R)∆t∗(e˜R)}2mχ0imχ0j
}
. (C.14)
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To obtain the quantities P (Ze˜L), P (e˜Le˜L) one has to exchange in (C.13) and (C.14)
∆t(e˜R)→ ∆t(e˜L), ∆u(e˜R)→ ∆u(e˜L), cR → cL
Re → Le, O′′Rij → O
′′L
ij , f
R
ei → fLei, fRej → fLej. (C.15)
The longitudinal beam polarizations are included in the weighting factors
cL = (1− Pe−)(1 + Pe+), cR = (1 + Pe−)(1− Pe+). (C.16)
Generally the contributions from the exchange of e˜R (e˜L) is enhanced and that of
e˜L (e˜R) is suppressed for Pe− > 0, Pe+ < 0 (Pe− < 0, Pe+ > 0).
C.1.2 Neutralino polarization
The coefficients ΣaP , which describe the polarization of the neutralino χ˜
0
i , decom-
pose into
ΣaP = Σ
a
P (ZZ) + Σ
a
P (Ze˜R) + Σ
a
P (e˜Re˜R) + Σ
a
P (Ze˜L) + Σ
a
P (e˜Le˜L). (C.17)
• The contributions to the transverse polarization in the production plane are
Σ1P (ZZ) = 2
g4
cos4 θW
|∆s(Z)|2E2b sin θ(R2ecR − L2ecL)
×
[
|O′′Rij |2mχ0iEχ0j − [(ReO
′′R
ij )
2 − (ImO′′Rij )2]mχ0jEχ0i
]
, (C.18)
Σ1P (Ze˜R) =
−g4
cos2 θW
RecRE
2
b sin θ
×
[
−Re{∆s(Z)[fReifR∗ej O
′′R∗
ij ∆
u∗(e˜R) + fR∗ei f
R
ejO
′′R
ij ∆
t∗(e˜R)]mχ0iEχ0j}
−Re{∆s(Z)[fReifR∗ej O
′′R∗
ij ∆
u∗(e˜R)− fR∗ei fRejO
′′R
ij ∆
t∗(e˜R)]mχ0
i
q cos θ}
+Re{∆s(Z)[fReifR∗ej O
′′R
ij ∆
u∗(e˜R) + f
R∗
ei f
R
ejO
′′R∗
ij ∆
t∗(e˜R)]mχ0
j
Eχ0
i
}
]
, (C.19)
Σ1P (e˜Re˜R) =
g4
4
cRE
2
b sin θ
{
|fRei |2|fRej|2
×
[
(|∆t(e˜R)|2 + |∆u(e˜R)|2)mχ0iEχ0j − (|∆t(e˜R)|2 − |∆u(e˜R)|2)mχ0i q cos θ
]
−2Re{(fR∗ei )2(fRej)2∆u(e˜R)∆t∗(e˜R)}mχ0jEχ0i
}
. (C.20)
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To obtain the expressions for Σ1P (Ze˜L) and Σ
1
P (e˜Le˜L) one has to apply the ex-
changes (C.15) in (C.19) and (C.20) and to change the overall sign of the right hand
side of (C.19) and (C.20).
• The contributions to the transverse χ˜0i polarization perpendicular to the pro-
duction plane are
Σ2P (ZZ) =
4g4
cos4 θW
|∆s(Z)|2(R2ecR − L2ecL)mχ0jqE2b sin θRe(O
′′R
ij )Im(O
′′R
ij ), (C.21)
Σ2P (Ze˜R) =
g4
cos2 θW
RecRmχ0jE
2
b q sin θ
× Im
{
∆s(Z)[fReif
R∗
ej O
′′R
ij ∆
u∗(e˜R)− fR∗ei fRejO
′′R∗
ij ∆
t∗(e˜R)]
}
, (C.22)
Σ2P (e˜Re˜R) = −
g4
2
cRmχ0
j
E2b q sin θ Im
{
(fR∗ei )
2(fRej)
2∆u(e˜R)∆
t∗(e˜R)
}
. (C.23)
To obtain the expressions for Σ2P (Ze˜L) and Σ
2
P (e˜Le˜L) one has to apply the ex-
changes (C.15) in (C.22) and (C.23).
• The contributions to the longitudinal χ˜0i polarization are
Σ3P (ZZ) =
2g4
cos4 θW
|∆s(Z)|2(L2ecL −R2ecR)E2b cos θ
×
[
|O′′Rij |2(Eχ0iEχ0j + q2)− [(ReO
′′R
ij )
2 − (ImO′′R∗ij )2]mχ0imχ0j
]
, (C.24)
Σ3P (Ze˜R) =
−g4
cos2 θW
RecRE
2
b
×
[
Re
{
∆s(Z)[fReif
R∗
ej O
′′R∗
ij ∆
u∗(e˜R)− fR∗ei fRejO
′′R
ij ∆
t∗(e˜R)]Eχ0jq
}
+Re
{
∆s(Z)[fReif
R∗
ej O
′′R∗
ij ∆
u∗(e˜R) + fR∗ei f
R
ejO
′′R
ij ∆
t∗(e˜R)](Eχ0
i
Eχ0
j
+ q2) cos θ
}
−Re
{
∆s(Z)[fReif
R∗
ej O
′′R
ij ∆
u∗(e˜R) + fR∗ei f
R
ejO
′′R∗
ij ∆
t∗(e˜R)]mχ0imχ0j cos θ
}
+Re
{
∆s(Z)[fReif
R∗
ej O
′′R∗
ij ∆
u∗(e˜R)− fR∗ei fRejO
′′R
ij ∆
t∗(e˜R)]Eχ0i q cos
2 θ
}]
, (C.25)
Σ3P (e˜Re˜R) = −
g4
4
cRE
2
b
[
|fRei |2|fRej|2
×
{
[|∆u(e˜R)|2 − |∆t(e˜R)|2]Eχ0jq + [|∆u(e˜R)|2 − |∆t(e˜R)|2]qEχ0i cos2 θ
+[|∆t(e˜R)|2 + |∆u(e˜R)|2](Eχ0iEχ0j + q2) cos θ
}
−2Re{(fR∗ei )2(fRej)2∆u(e˜R)∆t∗(e˜R)}mχ0imχ0j cos θ
]
. (C.26)
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To obtain the expressions for Σ3P (Ze˜L) and Σ
3
P (e˜Le˜L) one has to apply the ex-
changes (C.15) in (C.25) and (C.26) and to change the overall sign of the right hand
side of (C.25) and (C.26).
C.2 Neutralino decay into sleptons
For neutralino two-body decay into sleptons
χ˜0i (pχ0i , λi) → ℓ˜+ ℓ1; ℓ = e, µ, τ, (C.27)
the neutralino decay matrix (2.8) is given by
ρD1(χ˜
0
i )λ′iλi = δλ′iλiD1 + σ
a
λ′
i
λi
ΣaD1 , (C.28)
where we sum over a. For the decay into right sleptons χ˜0i → ℓ˜∓R ℓ±1 , ℓ = e, µ, the
expansion coefficients are
D1 =
g2
2
|fRℓi |2(m2χ0i −m
2
ℓ˜
), (C.29)
ΣaD1 = ±g2|fRℓi |2mχ0i (saχ0i · pℓ1). (C.30)
For the decay into the left sleptons χ˜0i → ℓ˜∓L ℓ±1 , ℓ = e, µ, the coefficients are
D1 =
g2
2
|fLℓi |2(m2χ0
i
−m2
ℓ˜
), (C.31)
ΣaD1 = ∓g2|fLℓi |2mχ0i (saχ0i · pℓ1). (C.32)
For the decay into the stau χ˜0i → τ˜∓k τ±, k = 1, 2, one obtains
D1 =
g2
2
(|aτ˜ki|2 + |bτ˜ki|2)(m2χ0i −m
2
τ˜k
), (C.33)
ΣaD1 = ∓g2(|aτ˜ki|2 − |bτ˜ki|2)mχ0i (saχ0i · pℓ1). (C.34)
The factor for the subsequent slepton decays ℓ˜R,L → ℓ2χ˜01, ℓ = e, µ, is given by
D2 = g
2|fR,Lℓ1 |2(m2ℓ˜ −m2χ01), (C.35)
and that for stau decay τ˜k → τχ˜01 by
D2 = g
2(|aτ˜k1|2 + |bτ˜k1|2)(m2τ˜k −m2χ01). (C.36)
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C.3 Neutralino decay into staus
For neutralino two-body decay into staus
χ˜0i (pχ0i , λi)→ τ˜±m(pτ˜m) + τ∓(pτ , λk); m = 1, 2, (C.37)
the decay matrix is
ρD(χ˜
0
i )
λkλ
′
k
λ′iλi
= δλ′iλiD
λkλ
′
k +
∑
a
σaλ′iλi(Σ
a
D)
λkλ
′
k . (C.38)
With the spin basis vectors sbτ for the τ
∓, given in (B.21), we can expand
Dλkλ
′
k = δλkλ′kD + σ
b
λkλ
′
k
Db, (C.39)
(ΣaD)
λkλ
′
k = δλkλ′kΣ
a
D + σ
b
λkλ
′
k
ΣabD . (C.40)
The expansion coefficients are given by
D = g2Re(bτ˜mi
∗
aτ˜mi)mτmχ0i +
g2
2
(|bτ˜mi|2 + |aτ˜mi|2)(pτ · pχ0i ), (C.41)
Db = ±g
2
2
mτ (|bτ˜mi|2 − |aτ˜mi|2)(pχ0i · sbτ ), (C.42)
ΣaD = ±
g2
2
mχ0
i
(|aτ˜mi|2 − |bτ˜mi|2)(pτ · saχ0i ), (C.43)
ΣabD = g
2Re(bτ˜mi
∗
aτ˜mi)(pτ · saχ0i )(pχ0i · s
b
τ )
−g2(saχ0i · s
b
τ )[
1
2
(|bτ˜mi|2 + |aτ˜mi|2)mτmχ0i + Re(bτ˜mi
∗
aτ˜mi)(pτ · pχ0i )]
∓g2Im(bτ˜mi∗aτ˜mi)ǫµνρσ pµτ pνχ˜0i s
a, ρ
χ0
i
sb, στ , (ǫ0123 = 1). (C.44)
C.4 Neutralino decay into the Z boson
For the neutralino two-body decay into the Z boson
χ˜0i (pχ0i , λi) → χ
0
n(pχ0n , λn) + Z(pZ , λk); n < i, (C.45)
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the decay matrix is given by
ρD1(χ˜
0
i )
λkλ
′
k
λ′
i
λi
=
∑
λn
T λnλkD1,λiT
λnλ
′
k
∗
D1,λ
′
i
, (C.46)
with the helicity amplitude
T λnλkD1,λi = u¯(pχ0n, λn)γ
µ g
cos θW
[O
′′L
ni PL +O
′′R
ni PR]u(pχ0i , λi)ε
λk∗
µ . (C.47)
For the subsequent decay of the Z boson
Z(pZ , λk) → f(pf , λf) + f¯(pf¯ , λf¯); f = ℓ, q, (C.48)
the decay matrix is
ρD2(Z)λ′kλk =
∑
λf ,λf¯
T
λfλf¯
D2,λk
T
λfλf¯∗
D2,λ
′
k
, (C.49)
and the helicity amplitude
T
λfλf¯
D2,λk
= u¯(pf , λf)γ
µ g
cos θW
[LfPL +RfPR]v(pf¯ , λf¯)ε
λk
µ . (C.50)
The polarization vectors of the Z boson ελkµ , λk = 0,±1, are given in (B.38). With
the set of neutralino spin vectors sa
χ0
i
, given in (B.14), we obtain for the neutralino
decay matrix
ρD1(χ˜
0
i )
λkλ
′
k
λ′iλi
= (δλ′iλiD
µν
1 + σ
a
λ′iλi
Σa µνD1 )ε
λk∗
µ ε
λ′
k
ν , (C.51)
and for the Z decay matrix
ρD2(Z)λ′kλk = D
µν
2 ε
λk
µ ε
λ′
k
∗
ν , (C.52)
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with
Dµν1 =
2g2
cos2 θW
{
[2 pµ
χ0i
pνχ0
i
− (pµ
χ0i
pνZ + p
ν
χ0
i
pµZ)− 12(m2χ0i +m
2
χ0n
−m2Z)gµν ]|O
′′L
ni |2
−gµνmχ0imχ0n [(ReO
′′L
ni )
2 − (ImO′′Lni )2]
}
, (C.53)
Σa µνD1 =
2ig2
cos2 θW
{
−mχ0
i
ǫµανβsaχ0i ,α
(pχ0
i
,β − pZ,β)|O′′Lni |2
+2mχ0n(s
a,µ
χ0
i
pνχ0
i
− sa,ν
χ0
i
pµ
χ0
i
)(ImO
′′L
ni )(ReO
′′L
ni )
−mχ0nǫµανβsaχ0i ,αpχ0i ,β[(ReO
′′L
ni )
2 − (ImO′′Lni )2]
}
; (ǫ0123 = 1), (C.54)
and
Dµν2 =
2g2
cos2 θW
{
(−2 pµ
f¯
pνf¯ + p
µ
Zp
ν
f¯ + p
µ
f¯
pνZ − 12m2Zgµν)(L2f +R2f )
−iǫµανβpZ,αpf¯ ,β(L2f −R2f )
}
. (C.55)
Due to the Majorana character of the neutralinos, Dµν1 is symmetric and Σ
a µν
D1
is
antisymmetric under interchange of µ and ν. In (C.51) and (C.52) we use the ex-
pansion (F.12) for the Z polarization vectors
ελkµ ε
λ′
k
∗
ν = 13δ
λ′
k
λkIµν − i
2mZ
ǫµνρσp
ρ
Zt
c,σ
Z (J
c)λ
′
k
λk − 1
2
tcZ,µt
d
Z,ν(J
cd)λ
′
k
λk , (C.56)
summed over c, d. The decay matrices can be expanded in terms of the spin matri-
ces Jc and Jcd, given in Appendix F.2. The first term of the decay matrix ρD1 (C.51),
which is independent of the neutralino polarization, then gives
Dµν1 ε
λk∗
µ ε
λ′
k
ν = D1δ
λkλ
′
k + cD1(J
c)λkλ
′
k + cdD1(J
cd)λkλ
′
k , (C.57)
with
D1 =
g2
cos2 θW
{[
m2χ0n − 13m2χ0i −m
2
Z +
4
3
(pχ0i · pZ)2
m2Z
]
|O′′Lni |2
+2mχ0imχ0n[(ReO
′′L
ni )
2 − (ImO′′Lni )2]
}
, (C.58)
cdD1 = − g
2
cos2 θW
{ [
2(tcZ · pχ0i )(tdZ · pχ0i ) + 12(m2χ0i +m
2
χ0n
−m2Z)δcd
]
|O′′Lni |2
+δcdmχ0
i
mχ0n [(ReO
′′L
ni )
2 − (ImO′′Lni )2]
}
, (C.59)
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and cD1 = 0 due to the Majorana character of the neutralinos. As a consequence of
the completeness relation (F.14), the diagonal coefficients are linearly dependent
11D1 +
22D1 +
33D1 = −32D1. (C.60)
For large three momentum pχ0i , the Z boson will mainly be emitted into the for-
ward direction with respect to pχ0
i
, i.e. pˆχ0
i
≈ pˆZ , with pˆ = p/|p|, so that (t1,2Z ·pχ0i ) ≈
0 in (C.59). Therefore, for high energies 11D1 ≈ 22D1, and the contributions of the
non-diagonal coefficients cdD1(c 6= d) will be small.
For the second term of ρD1 (C.51), which depends on the polarization of the decay-
ing neutralino, we obtain
Σa µνD1 ε
λk∗
µ ε
λ′
k
ν = ΣaD1δ
λkλ
′
k + cΣaD1(J
c)λkλ
′
k + cdΣaD1(J
cd)λkλ
′
k , (C.61)
with
cΣaD1 =
2g2
mZ cos2 θW
{[
|O′′Lni |2mχ0i + [(ReO
′′L
ni )
2 − (ImO′′Lni )2]mχ0n
]
×
[
(saχ0i
· pZ)(tcZ · pχ0i )− (s
a
χ0i
· tcZ)(pZ · pχ0i )
]
+ |O′′Lni |2mχ0im
2
Z(s
a
χ0i
· tcZ)
−2(ImO′′Lni )(ReO
′′L
ni )mχ0nǫµνρσs
a,µ
χ0i
pνχ0i
pρZt
c,σ
Z
}
, (C.62)
and ΣaD1 =
cdΣaD1 = 0 due to the Majorana character of the neutralinos. Insert-
ing (C.57) and (C.61) into (C.51), we obtain the expansion of the neutralino decay
matrix
ρD1(χ˜
0
i )
λkλ
′
k
λ′
i
λi
= δλ′iλiD1 δ
λkλ
′
k + σaλ′
i
λi
cΣaD1 (J
c)λkλ
′
k + δλ′iλi
cdD1 (J
cd)λkλ
′
k , (C.63)
into the scalar (first term), vector (second term) and tensor part (third term).
A similar expansion for the Z decay matrix (C.52) results in
ρD2(Z)λ′kλk = D2 δ
λ′
k
λk + cD2 (J
c)λ
′
k
λk + cdD2 (J
cd)λ
′
k
λk , (C.64)
with
D2 =
2g2
3 cos2 θW
(R2f + L
2
f )m
2
Z , (C.65)
cD2 =
2g2
cos2 θW
(R2f − L2f )mZ(tcZ · pf¯), (C.66)
cdD2 =
g2
cos2 θW
(R2f + L
2
f )
[
2(tcZ · pf¯)(tdZ · pf¯)− 12m2Zδcd
]
. (C.67)
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As a consequence of the completeness relation (F.14), the diagonal coefficients are
linearly dependent
11D2 +
22D2 +
33D2 = −32D2. (C.68)
For large three-momentum pZ , the fermion f¯ will mainly be emitted into the for-
ward direction with respect to pZ , i.e. pˆZ ≈ pˆf¯ , so that (t1,2Z ·pf¯) ≈ 0 in (C.67). There-
fore, for high energies 11D2 ≈ 22D2, and the contributions for the non-diagonal
coefficients cdD2(c 6= d)will be small.
Appendix D
Spin-density matrices for chargino
production and decay
We give the analytic formulae for the squared amplitudes for chargino production
e+ e− → χ˜+i χ˜−j , with longitudinally polarized beams and for different subsequent
two-body decay chains of one chargino. We use the spin density matrix formalism
as in [27, 51, 66]. The amplitude squared can then be written
|T |2 = |∆(χ˜+i )|2
∑
λiλ
′
i
ρP (χ˜
+
i )
λiλ
′
i ρD(χ˜
+
i )λ′iλi, (D.1)
with ρP (χ˜
+
i ) the spin density production matrix of chargino χ˜
+
i , the propagator
∆(χ˜+i ) = i/[sχ+
i
−m2
χ+i
+ imχ+
i
Γχ+
i
] and the chargino decay matrix ρD(χ˜
+
i ).
D.1 Chargino production
For the production of charginos
e+ + e− → χ˜+i (pχ+i , λi) + χ˜
−
j (pχ−j
, λj), (D.2)
withmomentum p and helicity λ, the unnormalized spin-densitymatrix of chargino
χ˜+i is defined as
ρP (χ˜
+
i )
λiλ
′
i =
∑
λj
T
λiλj
P T
λ′iλj∗
P . (D.3)
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The helicity amplitudes are [51, 66]:
T
λiλj
P (γ) = −e2∆(γ)δij v¯(pe+)γµu(pe−)u¯(pχ+i , λi)γµv(pχ−j , λj), (D.4)
T
λiλj
P (Z) = −
g2
cos2 θW
∆(Z)v¯(pe+)γ
µ(LePL +RePR)u(pe−)
×u¯(pχ+
i
, λi)γµ(O
′L
ij PL +O
′R
ij PR)v(pχ−
j
, λj), (D.5)
T
λiλj
P (ν˜) = −g2Vi1V ∗j1∆(ν˜)v¯(pe+)PRv(pχ+
i
, λi)u¯(pχ−
j
, λj)PLu(pe−), (D.6)
with the propagators
∆(γ) =
i
p2γ
, ∆(Z) =
i
p2Z −m2Z + imZΓZ
, ∆(ν˜) =
i
p2ν˜ −m2ν˜
. (D.7)
The Feynman diagrams are shown in Fig. D.1.

e− χ˜−j
e+ χ˜+i
γ

e− χ˜−j
e+ χ˜+i
Z0

e−
e+
χ˜−j
χ˜+i
ν˜
Figure D.1: Feynman diagrams for chargino production
For the polarization of the decaying chargino χ˜+i with momentum pχ+i we have
introduced three space like spin vectors sa
χ+i
(B.14). Then the chargino production
matrix (D.1) can be expanded in terms of the Pauli matrices, see Appendix F.1:
ρP (χ˜
+
i )
λiλ
′
i = 2(δλiλ′iP + σ
a
λiλ
′
i
ΣaP ), (D.8)
where we sum over a. The factor 2 in (D.8) is due to the summation of the helicities
of the second chargino χ˜−j , whose decay will not be considered. With our choice
of the spin vectors, Σ3P/P is the longitudinal polarization of chargino χ˜
+
i , Σ
1
P/P
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is the transverse polarization in the production plane and Σ2P/P is the polariza-
tion perpendicular to the production plane. Only if there is a non-vanishing CP
phase ϕµ in the chargino sector, and only if two different charginos are produced,
e+ e− → χ˜±1 χ˜∓2 , the polarization Σ2P/P perpendicular to the production plane is
non-zero. Thus it is a probe for CP violation in the production of an unequal pair
of charginos. Note that Σ2P also gets contributions from the finite Z width, which
however do not signal CP violation.
We give the analytical formulae for P and Σ1P ,Σ
2
P ,Σ
3
P in the laboratory system in
the following sections. Lorentz invariant expressions for these functions can be
found in [51, 66].
D.1.1 Chargino polarization independent quantities
The coefficient P is independent of the chargino polarization. It can be composed
into contributions from the different production channels
P = P (γγ) + P (γZ) + P (γν˜) + P (ZZ) + P (Zν˜) + P (ν˜ν˜) (D.9)
which read
P (γγ) = δij2e
4|∆(γ)|2(cL + cR)E2b (Eχ+i Eχ−j +mχ+i mχ−j + q
2 cos2 θ), (D.10)
P (γZ) = δij2
e2g2
cos2 θW
E2bRe
{
∆(γ)∆(Z)∗
[
(LecL −RecR)(O′R∗ij − O
′L∗
ij )2Ebq cos θ
+(LecL +RecR)(O
′L∗
ij +O
′R∗
ij )(Eχ+
i
Eχ−
j
+mχ+
i
mχ−
j
+ q2 cos2 θ)
]}
, (D.11)
P (γν˜) = δije
2g2E2b cLRe
{
V ∗i1Vj1∆(γ)∆(ν˜)
∗}
×(Eχ+
i
Eχ−
j
+mχ+
i
mχ−
j
− 2Ebq cos θ + q2 cos2 θ), (D.12)
P (ZZ) =
g4
cos4 θW
|∆(Z)|2E2b
[
(L2ecL − R2ecR)(|O
′R
ij |2 − |O
′L
ij |2)2Ebq cos θ
+(L2ecL +R
2
ecR)(|O
′L
ij |2 + |O
′R
ij |2)(Eχ+i Eχ−j + q
2 cos2 θ)
+(L2ecL +R
2
ecR)2Re{O
′L
ij O
′R∗
ij }mχ+
i
mχ−
j
]
, (D.13)
P (Zν˜) =
g4
cos2 θW
LecLE
2
bRe
{
V ∗i1Vj1∆(Z)∆(ν˜)
∗
×[O′Lij (Eχ+
i
Eχ−
j
− 2Ebq cos θ + q2 cos2 θ) +O′Rij mχ+
i
mχ−
j
]
}
, (D.14)
P (ν˜ν˜) =
g4
4
cL|Vi1|2|Vj1|2|∆(ν˜)|2E2b (Eχ+
i
Eχ−
j
− 2Ebq cos θ + q2 cos2 θ). (D.15)
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The longitudinal beam polarizations are included in the weighting factors
cL = (1− Pe−)(1 + Pe+), cR = (1 + Pe−)(1− Pe+). (D.16)
Sneutrino exchange is enhanced for Pe− < 0 and Pe+ > 0.
D.1.2 Chargino polarization
The coefficientsΣaP , which describe the polarization of the chargino χ˜
+
i , decompose
into
ΣaP = Σ
a
P (γγ) + Σ
a
P (γZ) + Σ
a
P (γν˜) + Σ
a
P (ZZ) + Σ
a
P (Zν˜) + Σ
a
P (ν˜ν˜). (D.17)
• The contributions to the transverse polarization in the production plane are
Σ1P (γγ) = δij2e
4|∆(γ)|2(cR − cL)E2b sin θ(mχ+i Eχ−j +mχ−j Eχ+i ), (D.18)
Σ1P (γZ) = δij2
e2g2
cos2 θW
E2b sin θRe
{
∆(γ)∆(Z)∗
×
[
− (LecL +RecR)(O′R∗ij − O
′L∗
ij )mχ+i
q cos θ
+(RecR − LecL)(O′L∗ij +O
′R∗
ij )(mχ+
i
Eχ−
j
+mχ−
j
Eχ+
i
)
]}
, (D.19)
Σ1P (γν˜) = −δije2g2cLE2b sin θRe
{
V ∗i1Vj1∆(γ)∆(ν˜)
∗}
×[mχ+
i
(Eχ−
j
− q cos θ) +mχ−
j
Eχ+
i
], (D.20)
Σ1P (ZZ) =
g4
cos4 θW
|∆(Z)|2E2b sin θ
[
(L2ecL +R
2
ecR)(|O
′L
ij |2 − |O
′R
ij |2)mχ+
i
q cos θ
+(R2ecR − L2ecL)2Re
{
O
′L
ij O
′R∗
ij
}
mχ−
j
Eχ+
i
+(R2ecR − L2ecL)(|O
′R
ij |2 + |O
′L
ij |2)mχ+
i
Eχ−
j
]
, (D.21)
Σ1P (Zν˜) = −
g4
cos2 θW
LecLE
2
b sin θRe
{
V ∗i1Vj1∆(Z)∆(ν˜)
∗
×[O′Lij mχ+i (Eχ−j − q cos θ) +O
′R
ij mχ−j
Eχ+i
]
}
, (D.22)
Σ1P (ν˜ν˜) = −
g4
4
cL|Vi1|2|Vj1|2|∆(ν˜)|2E2b sin θmχ+i (Eχ−j − q cos θ). (D.23)
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• The contributions to the transverse χ˜+i polarization perpendicular to the pro-
duction plane are
Σ2P (γγ) = Σ
2
P (ν˜ν˜) = 0, (D.24)
Σ2P (γZ) = δij2
e2g2
cos2 θW
(RecR − LecL)Im
{
∆(γ)∆(Z)∗(O
′R∗
ij −O
′L∗
ij )
}
×E2bmχ−j q sin θ, (D.25)
Σ2P (γν˜) = δije
2g2cLIm
{
V ∗i1Vj1∆(γ)∆(ν˜)
∗}E2bmχ−
j
q sin θ, (D.26)
Σ2P (ZZ) = 2
g4
cos4 θW
|∆(Z)|2(R2ecR − L2ecL)Im
{
O
′L
ij O
′R∗
ij
}
E2bmχ−
j
q sin θ, (D.27)
Σ2P (Zν˜) =
g4
cos2 θW
LecLIm
{
V ∗i1Vj1O
′R
ij ∆(Z)∆(ν˜)
∗}E2bmχ−j q sin θ. (D.28)
• The contributions to the longitudinal χ˜+i polarization are
Σ3P (γγ) = δij2e
4|∆(γ)|2(cL − cR)E2b cos θ(q2 + Eχ+i Eχ−j +mχ+i mχ−j ), (D.29)
Σ3P (γZ) = δij2
e2g2
cos2 θW
E2bRe
{
∆(γ)∆(Z)∗
×
[
(LecL − RecR)(O′R∗ij +O
′L∗
ij )(q
2 + Eχ+
i
Eχ−
j
+mχ+
i
mχ−
j
) cos θ
+(LecL +RecR)(O
′R∗
ij −O
′L∗
ij )q(Eχ−
j
+ Eχ+
i
cos2 θ)
]}
, (D.30)
Σ3P (γν˜) = −δije2g2cLE2bRe
{
V ∗i1Vj1∆(γ)∆(ν˜)
∗}
×[qEχ−j − (q
2 + Eχ+i
Eχ−j
) cos θ + qEχ+i
cos2 θ −mχ+i mχ−j cos θ], (D.31)
Σ3P (ZZ) =
g4
cos4 θW
|∆(Z)|2E2b
[
(L2ecL +R
2
ecR)(|O
′R
ij |2 − |O
′L
ij |2)q(Eχ−j + Eχ+i cos
2 θ)
+(L2ecL −R2ecR)2Re
{
O
′L
ij O
′R∗
ij
}
mχ+i
mχ−j
cos θ
+(L2ecL −R2ecR)(|O
′L
ij |2 + |O
′R
ij |2)(q2 + Eχ+i Eχ−j ) cos θ
]
, (D.32)
Σ3P (Zν˜) =
g4
cos2 θW
LecLE
2
bRe
{
V ∗i1Vj1∆(Z)∆(ν˜)
∗[O
′R
ij mχ+i
mχ−j
cos θ
−O′Lij (qEχ−j − (q
2 + Eχ+i
Eχ−j
) cos θ + qEχ+i
cos2 θ)]
}
, (D.33)
Σ3P (ν˜ν˜) = −
g4
4
cL|Vi1|2|Vj1|2|∆(ν˜)|2E2b
×[qEχ−
j
− (q2 + Eχ+
i
Eχ−
j
) cos θ + qEχ+
i
cos2 θ]. (D.34)
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D.2 Chargino decay into sneutrinos
For chargino two-body decay into sneutrinos
χ˜+i (pχ+i
, λi) → ℓ+ + ν˜ℓ; ℓ = e, µ, τ, (D.35)
the chargino decay matrix is given by
ρD(χ˜
+
i )λ′iλi = δλ′iλiD + σ
a
λ′iλi
ΣaD. (D.36)
For the chargino decay into an electron or muon sneutrino the coefficients are
D =
g2
2
|Vi1|2(m2χ+
i
−m2ν˜ℓ), (D.37)
ΣaD =
−
(+)g
2|Vi1|2mχ+
i
(sa
χ+i
· pℓ); for ℓ = e, µ, (D.38)
where the sign in parenthesis holds for the conjugated process χ˜−i → ℓ−¯˜νℓ. For the
decay into the tau sneutrino the coefficients are given by
D =
g2
2
(|Vi1|2 + Y 2τ |Ui2|2)(m2χ+
i
−m2ν˜τ ), (D.39)
ΣaD =
−
(+)g
2(|Vi1|2 − Y 2τ |Ui2|2)mχ+
i
(sa
χ+i
· pτ ), (D.40)
where Yτ = mτ/(
√
2mW cos β) is the τ Yukawa coupling, and the sign in parenthe-
sis holds for the conjugated process χ˜−i → τ−¯˜ντ .
D.3 Chargino decay into theW boson
For the chargino two-body decay into theW boson
χ˜+i (pχ+i
, λi) → χ˜0n(pχ0n, λn) +W+(pW , λk), (D.41)
the decay matrix is given by
ρD1(χ˜
+
i )
λkλ
′
k
λ′iλi
=
∑
λn
T λnλkD1,λiT
λnλ
′
k
∗
D1,λ
′
i
, (D.42)
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with helicity amplitude
T λnλkD1,λi = igu¯(pχ0n, λn)γ
µ[OLniPL +O
R
niPR]u(pχ+
i
, λi)ε
λk∗
µ . (D.43)
For the subsequent decay of theW boson
W+(pW , λk) → f ′(pf ′ , λf ′ ) + f¯(pf¯ , λf¯), (D.44)
the decay matrix is
ρD2(W
+)λ′
k
λk =
∑
λ
f
′ ,λf¯
T
λ
f
′λf¯
D2,λk
T
λ
f
′λf¯∗
D2,λ
′
k
(D.45)
and the helicity amplitude
T
λ
f
′λf¯
D2,λk
= i
g√
2
u¯(pf ′ , λf ′ )γ
µPLv(pf¯ , λf¯)ε
λk
µ . (D.46)
The W polarization vectors ελkµ , λk = 0,±1, are defined in (B.38). With the set of
chargino spin vectors sa
χ+
i
, given in (B.14), we obtain for the chargino decay matrix
ρD1(χ˜
+
i )
λkλ
′
k
λ′iλi
= (δλ′
i
λiD
µν
1 + σ
a
λ′iλi
Σa µνD1 )ε
λk∗
µ ε
λ′
k
ν (D.47)
and for theW boson decay matrix
ρD2(W
+)λ′
k
λk = D
µν
2 ε
λk
µ ε
λ′
k
∗
ν . (D.48)
The expansion coefficients are
Dµν1 = g
2(|ORni|2 + |OLni|2)[2pµχ+i p
ν
χ+
i
− (pµ
χ+i
pνW + p
ν
χ+
i
pµW )− 12(m2χ+i +m
2
χ0n
−m2W )gµν ]
+2g2Re(OR∗ni O
L
ni)mχ+
i
mχ0ng
µν +
(−)ig
2(|ORni|2 − |OLni|2)ǫµανβ pχ+
i
,α pW,β, (D.49)
Σa µνD1 =
+
(−)g
2(|ORni|2 − |OLni|2)mχ+i [s
a,µ
χ+i
(pν
χ+
i
− pνW ) + sa,νχ+i (p
µ
χ+i
− pµW ) + (saχ+
i
· pW )gµν ]
−ig2(|ORni|2 + |OLni|2)mχ+
i
ǫµανβsa
χ+i , α
(pχ+
i
, β − pW,β)
+2ig2Re(OR∗ni O
L
ni)mχ0nǫ
µανβsa
χ+
i
,α
pχ+i ,β
−2ig2Im(OR∗ni OLni)mχ0n(sa,µχ+i p
ν
χ+
i
− sa,ν
χ+i
pµ
χ+i
); (ǫ0123 = 1), (D.50)
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and
Dµν2 = g
2(−2pµ
f¯
pνf¯ + p
µ
Wp
ν
f¯ + p
µ
f¯
pνW − 12m2W gµν) −(+)ig2ǫµανβpW,α pf¯ ,β, (D.51)
where here, and in the following, the signs in parenthesis hold for the charge con-
jugated processes, χ˜−i → W−χ˜0n andW− → f¯ ′f , respectively. In (D.47) and (D.48)
we use the expansion (F.12) for theW polarization vectors
ελkµ ε
λ′
k
∗
ν = 13δ
λ′
k
λkIµν − i
2mW
ǫµνρσp
ρ
W t
c,σ
W (J
c)λ
′
k
λk − 1
2
tcW,µt
d
W,ν(J
cd)λ
′
k
λk . (D.52)
The decay matrices can be expanded in terms of the spin matrices Jc and Jcd,
given in Appendix F.2. The first term of the decay matrix ρD1 (D.47), which is
independent of the chargino polarization, then is
Dµν1 ε
λk∗
µ ε
λ′
k
ν = D1δ
λkλ
′
k + cD1(J
c)λkλ
′
k + cdD1(J
cd)λkλ
′
k , (D.53)
with
D1 =
1
6
g2(|ORni|2 + |OLni|2)
[
m2
χ+i
+m2χ0n − 2m2W +
(m2
χ+i
−m2χ0n)2
m2W
]
−2g2Re(OR∗ni OLni)mχ+i mχ0n , (D.54)
cD1 =
+
(−)g
2(|ORni|2 − |OLni|2)mW (tcW · pχ+
i
), (D.55)
cdD1 = −g2(|ORni|2 + |OLni|2)
[
(tcW · pχ+i )(t
d
W · pχ+i ) +
1
4
(m2
χ+
i
+m2χ0n −m2W )δcd
]
+g2Re(OR∗ni O
L
ni)mχ+
i
mχ0nδ
cd. (D.56)
As a consequence of the completeness relation (F.14), the diagonal coefficients are
linearly dependent
11D1 +
22D1 +
33D1 = −32D1. (D.57)
For large chargino momentum pχ+
i
, the W boson will mainly be emitted into the
forward direction with respect to pχ+i , i.e. pˆχ
+
i
≈ pˆW , with pˆ = p/|p|. Therefore,
for high energies we have (t1,2W · pχ+i ) ≈ 0 in (D.56), and in
11D1 ≈ 22D1.
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For the second term of ρD1 (D.47), which depends on the polarization of the decay-
ing chargino, we obtain
Σa µνD1 ε
λk∗
µ ε
λ′
k
ν = ΣaD1δ
λkλ
′
k + cΣaD1(J
c)λkλ
′
k + cdΣaD1(J
cd)λkλ
′
k , (D.58)
with
ΣaD1 =
+
(−)
2
3
g2(|ORni|2 − |OLni|2)mχ+
i
(sa
χ+i
· pW )[
m2
χ+
i
−m2χ0n
2m2W
− 1], (D.59)
cΣaD1 =
g2
mW
[
(|ORni|2 + |OLni|2)mχ+i − 2Re(O
R∗
ni O
L
ni)mχ0n
]
×[
(tcW · pχ+i )(s
a
χ+
i
· pW ) + 12(tcW · saχ+i )(m
2
χ0n
−m2
χ+
i
+m2W )
]
+
2g2
mW
Im(OR∗ni O
L
ni)mχ0nǫµνρσ s
a,µ
χ+i
pν
χ+i
pρW t
c,σ
W , (D.60)
cdΣaD1 =
+
(−)
1
2
g2(|ORni|2 − |OLni|2)mχ+
i
×[
(sa
χ+
i
· pW )δcd − (tcW · pχ+i )(t
d
W · saχ+
i
)− (tdW · pχ+i )(t
c
W · saχ+
i
)
]
. (D.61)
Inserting (D.53) and (D.58) into (D.47), we obtain the expansion of the chargino
decay matrix in the scalar (first term), vector (second term) and tensor part (third
term):
ρD1(χ˜
+
i )
λkλ
′
k
λ′
i
λi
= (δλ′iλi D1 + σ
a
λ′
i
λi
ΣaD1) δ
λkλ
′
k +
(δλ′
i
λi
cD1 + σ
a
λ′iλi
cΣaD1) (J
c)λkλ
′
k +
(δλ′iλi
cdD1 + σ
a
λ′
i
λi
cdΣaD1) (J
cd)λkλ
′
k . (D.62)
A similar expansion for theW decay matrix (D.48), results in
ρD2(W
+)λ′
k
λk = D2 δ
λ′
k
λk + cD2 (J
c)λ
′
k
λk + cdD2 (J
cd)λ
′
k
λk , (D.63)
with
D2 =
1
3
g2m2W , (D.64)
cD2 =
−
(+)g
2mW (t
c
W · pf¯ ), (D.65)
cdD2 = g
2
[
(tcW · pf¯)(tdW · pf¯)− 14m2W δcd
]
. (D.66)
The diagonal coefficients are linearly dependent
11D2 +
22D2 +
33D2 = −32D2. (D.67)
Appendix E
Neutralino and Chargino two-body
decay widths
For the two-body decay of a massive particle in its rest frame
a→ b+ c (E.1)
the decay width of particle a is
Γ(a→ b c) = |pb|
32 π2 m2a
∫
|T |2dΩ =
√
λ(m2a, m
2
b , m
2
c)
16 π m3a
|T |2, (E.2)
with λ(x, y, z) = x2 + y2 + z2 − 2(xy + xz + yz) and |T |2 the amplitude squared for
decay (E.1), where we average over the spins of particle a and sum over the spins
of particles b,c.
E.1 Neutralino decay widths
We give the tree-level formulae for the neutralino two-body decay widths Γχ0
i
for
the decays
χ˜0i → e˜R,Le, µ˜R,Lµ, τ˜mτ, ν˜ℓν¯ℓ, χ˜0nZ, χ˜∓mW±, χ˜0nH01 ; ℓ = e, µ, τ ; m = 1, 2. (E.3)
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• Neutralino decay into right selectrons or smuons: χ˜0i → ℓ˜+R + ℓ−; ℓ = e, µ
|T |2(χ˜0i → ℓ˜+Rℓ−) =
g2
2
|fRℓi |2(m2χ0i −m
2
ℓ˜R
), (E.4)
Γ(χ˜0i → ℓ˜+Rℓ−) =
(m2
χ0i
−m2
ℓ˜R
)2
32 π m3
χ0
i
g2|fRℓi |2. (E.5)
• Neutralino decay into left selectrons or smuons: χ˜0i → ℓ˜+L + ℓ−; ℓ = e, µ
|T |2(χ˜0i → ℓ˜+Lℓ−) =
g2
2
|fLℓi |2(m2χ0
i
−m2
ℓ˜L
), (E.6)
Γ(χ˜0i → ℓ˜+Lℓ−) =
(m2
χ0i
−m2
ℓ˜L
)2
32 π m3
χ0i
g2|fLℓi |2. (E.7)
• Neutralino decay into staus: χ˜0i → τ˜+m + τ−; m = 1, 2
|T |2(χ˜0i → τ˜+mτ−) =
g2
2
(|aτ˜mi|2 + |bτ˜mi|2)(m2χ0i −m
2
τ˜m
), (E.8)
Γ(χ˜0i → τ˜+mτ−) =
(m2
χ0
i
−m2τ˜m)2
32 π m3
χ0i
g2(|aτ˜mi|2 + |bτ˜mi|2). (E.9)
• Neutralino decay into sneutrinos: χ˜0i → ν˜ℓ + ν¯ℓ; ℓ = e, µ, τ
|T |2(χ˜0i → ν˜ℓν¯ℓ) =
g2
2
|fLνi|2(m2χ0i −m
2
ν˜ℓ
), (E.10)
Γ(χ˜0i → ν˜ℓν¯ℓ) =
(m2
χ0i
−m2ν˜ℓ)2
32 π m3
χ0
i
g2|fLνi|2. (E.11)
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• Neutralino decay into Z boson: χ˜0i → Z + χ˜0n
|T |2(χ˜0i → Zχ˜0n) =
g2
cos2 θW
{
6mχ0imχ0n [(ReO
′′L
ni )
2 − (ImO′′Lni )2] +
+ |O′′Lni |2
[
m2χ0i
+m2χ0n − 2m2Z +
(m2
χ0i
−m2χ0n)2
m2Z
]}
, (E.12)
Γ(χ˜0i → Zχ˜0n) =
√
λ(m2
χ0i
, m2χ0n, m
2
Z)
16 π m3
χ0i
|T |2(χ˜0i → Zχ˜0n). (E.13)
• Neutralino decay intoW boson: χ˜0i → W+ + χ˜−j
|T |2(χ˜0i → W+χ˜−j ) = −6 g2mχ0imχ−j Re(O
R∗
ij O
L
ij) +
+
g2
2
(|ORij|2 + |OLij|2)
[
m2χ0i
+m2
χ−
j
− 2m2W +
(m2
χ0
i
−m2
χ−j
)2
m2W
]
, (E.14)
Γ(χ˜0i →W+χ˜−j ) =
√
λ(m2
χ0i
, m2
χ−
j
, m2W )
16 π m3
χ0i
|T |2(χ˜0i →W+χ˜−j ). (E.15)
• Neutralino decay into Higgs boson: χ˜0i → H01 + χ˜0n
|T |2(χ˜0i → H01 χ˜0n) = 2g2mχ0imχ0n [Re(HLni)Re(HRni) + Im(HLni)Im(HRni)] +
g2
2
(m2χ0
i
+m2χ0n −m2H01 )(|H
L
ni|2 + |HRni|2), (E.16)
Γ(χ˜0i → H01 χ˜0n) =
√
λ(m2
χ0
i
, m2χ0n , m
2
H0
1
)
16 π m3
χ0
i
|T |2(χ˜0i → H01 χ˜0n), (E.17)
with HLij = Q
′′∗
ij cosα− S ′′∗ij sinα, HRij = HL∗ij and
Q
′′
ij =
1
2 cos θW
[(Ni3 cos β +Ni4 sin β)Nj2 + (Nj3 cos β +Nj4 sin β)Ni2] , (E.18)
S
′′
ij =
1
2 cos θW
[(Ni4 cos β −Ni3 sin β)Nj2 + (Nj4 cos β −Nj3 sin β)Ni2] . (E.19)
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The Higgs mixing angle α for small tan β can be obtained approximately by
diagonalization of the neutral Higgs mass matrix
MH =

 m
2
Z cos
2 β +m2A sin
2 β −(m2Z +m2A) cos β sin β
−(m2Z +m2A) cosβ sin β m2A cos2 β +m2Z sin2 β + δt

 , (E.20)
which includes the largest term (top-loop) of the one-loop radiative correc-
tions
δt =
3g2m4t
16 π2m2W sin
2 β
log
(
m2
t˜1
m2
t˜2
m4t
)
. (E.21)
We obtain for the Higgs masses
(mH0
1
)2 =
1
2
[
MH11 +M
H
22 −
√
(MH11 −MH22)2 + 4 (MH12)2
]
, (E.22)
(mH0
2
)2 =
1
2
[
MH11 +M
H
22 +
√
(MH11 −MH22)2 + 4 (MH12)2
]
. (E.23)
For the mixing angle we obtain
cosα =
−MH12√
(MH12)
2 + [MH11 − (mH0
1
)2]2
, (E.24)
sinα =
MH11 − (mH01 )2√
(MH12)
2 + [MH11 − (mH0
1
)2]2
. (E.25)
If we choose a large Higgs mass parameter, e.g. mA = 1 TeV, we have very
approximately mH0
1
≈ 115 − 130 GeV and mH0
2
≈ MA, which follows from
(E.22) and (E.23). In addition, explicit CP violation is not relevant for the
lightest Higgs state [67].
E.2 Chargino decay widths
We give the tree-level formulae for the chargino two-body decay widths Γχ+i for
the decays
χ˜+i → W+χ˜0n, e˜+Lνe, µ˜+Lνµ, τ˜+1,2ντ , e+ν˜e, µ+ν˜µ, τ+ν˜τ . (E.26)
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For the heavy chargino χ˜+2 also the decays into the lightest neutral Higgs bosonH
0
1
and the Z boson are possible
χ˜+2 → χ˜+1 Z, χ˜+1H01 . (E.27)
• Chargino decay intoW boson: χ˜+i → W+ + χ˜0n
|T |2(χ˜+i →W+χ˜0n) =
g2
2
(|ORni|2 + |OLni|2)
[
m2
χ+i
+m2χ0n − 2m2W +
(m2
χ+i
−m2χ0n)2
m2W
]
−6g2mχ+
i
mχ0nRe(O
R∗
ni O
L
ni), (E.28)
Γ(χ˜+i →W+χ˜0n) =
√
λ(m2
χ+i
, m2χ0n, m
2
W )
16 π m3
χ+i
|T |2(χ˜+i →W+χ˜0n). (E.29)
• Chargino decay into selectrons or smuons: χ˜+i → ℓ˜+L + νℓ; ℓ = e, µ
|T |2(χ˜+i → ℓ˜+Lνℓ) =
g2
2
|Ui1|2(m2χ+i −m
2
ℓ˜
), (E.30)
Γ(χ˜+i → ℓ˜+Lνℓ) =
(m2
χ+
i
−m2
ℓ˜
)2
32 π m3
χ+
i
g2|Ui1|2. (E.31)
• Chargino decay into staus: χ˜+i → τ˜+m + ντ ; m = 1, 2
|T |2(χ˜+i → τ˜+mντ ) =
g2
2
|ℓτ˜mi|2(m2χ+i −m
2
τ˜m
), (E.32)
Γ(χ˜+i → τ˜+mντ ) =
(m2
χ+
i
−m2τ˜m)2
32 π m3
χ+
i
g2|ℓτ˜mi|2, (E.33)
and ℓτ˜mi defined in (A.37).
• Chargino decay into electron or muon sneutrinos: χ˜+i → ℓ+ + ν˜ℓ; ℓ = e, µ
|T |2(χ˜+i → ℓ+ν˜ℓ) =
g2
2
|Vi1|2(m2χ+i −m
2
ν˜), (E.34)
Γ(χ˜+i → ℓ+ν˜ℓ) =
(m2
χ+
i
−m2ν˜)2
32 π m3
χ+
i
g2|Vi1|2. (E.35)
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• Chargino decay into tau sneutrino: χ˜+i → τ+ + ν˜τ
|T |2(χ˜+i → τ+ν˜τ ) =
g2
2
(|Vi1|2 + Y 2τ |Ui2|2)(m2χ+
i
−m2ν˜), (E.36)
Γ(χ˜+i → τ+ν˜τ ) =
(m2
χ+i
−m2ν˜)2
32 π m3
χ+
i
g2(|Vi1|2 + Y 2τ |Ui2|2), (E.37)
and Yτ defined in (A.40).
• Chargino decay into Z boson: χ˜+2 → Z + χ˜+1
|T |2(χ˜+2 → Zχ˜+1 ) =
g2
cos2 θW
{
− 6mχ+
1
mχ+
2
Re(OR∗12 O
L
12) +
+
1
2
(|OR12|2 + |OL12|2)
[
m2
χ+
2
+m2
χ+
1
− 2m2Z +
(m2
χ+
2
−m2
χ+
1
)2
m2Z
]}
, (E.38)
Γ(χ˜+2 → Zχ˜+1 ) =
√
λ(m2
χ+
2
, m2
χ+
1
, m2Z)
16 π m3
χ+
2
|T |2(χ˜+2 → Zχ˜+1 ). (E.39)
• Chargino decay into Higgs boson: χ˜+2 → H01 + χ˜+1
|T |2(χ˜+2 → H01 χ˜+1 ) = 2g2mχ+
1
mχ+
2
[Re(FL12)Re(F
R
12) + Im(F
L
12)Im(F
R
12)] +
g2
2
(m2
χ+
1
+m2
χ+
2
−m2H0
1
)(|FL12|2 + |FR12|2), (E.40)
Γ(χ˜+2 → H01 χ˜+1 ) =
√
λ(m2
χ+
2
, m2
χ+
1
, m2
H0
1
)
16 π m3
χ+
2
|T |2(χ˜+2 → H01 χ˜+1 ), (E.41)
with FLij =
1√
2
(U∗i2V
∗
j1 sinα− U∗i1V ∗j2 cosα) and FRij = FL∗ji .
The Higgs mixing angle α is given in (E.24) and (E.25).
Appendix F
Spin formalism for fermions and
bosons
F.1 Bouchiat-Michel formulae for spin 12 particles
For the calculation of cross sections we expand the spin density matrices in terms
of the Pauli matrices, see e.g. (C.1), (C.10) for neutralinos. This expansion is straight
forward if for the neutralinos or charginos a set of spin-basis vectors sa,µ has been
introduced, see (B.14). Together with pˆµ = pµ/m they form an orthonormal set
pˆ · sa = 0, (F.1)
sa · sb = −δab, (F.2)
saµs
a
ν = −gµν +
pµpν
m2
, (sum over a). (F.3)
The helicity spinors are normalized by
u¯(p, λ) u(p, λ′) = 2m δλλ′ , (F.4)
v¯(p, λ) v(p, λ′) = −2m δλλ′ . (F.5)
The Bouchiat-Michel formulae for massive spin 1/2 particles are then [68]
u(p, λ′) u¯(p, λ) =
1
2
[δλλ′ + γ5 6saσaλλ′ ]( 6p +m), (F.6)
v(p, λ′) v¯(p, λ) =
1
2
[δλ′λ + γ5 6saσaλ′λ]( 6p−m), (sum over a). (F.7)
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F.2 Spin formulae for spin 1 particles
The Bouchiat-Michel formulae for spin 1/2 particles can be generalized for higher
spins [69]. In order to describe the polarization states of a spin 1 boson, we have
introduced a set of spin vectors taµ, see (B.37). Note that they are are not helicity
eigenstates like the polarization vectors ελkµ , defined in (B.38). The spin vectors t
a
µ
and kˆµ = kµ/m form an orthonormal set:
kˆ · ta = 0, (F.8)
ta · tb = −δab, (F.9)
taµ t
a
ν = −gµν +
kµkν
m2
, (sum over a). (F.10)
The 3 × 3 spin 1 matrices Jc obey [Jc, Jd] = iǫcdeJe and are given below. We can
define six further matrices
Jcd = JcJd + JdJc − 4
3
δcd, (F.11)
with J11+J22+J33 = 0. They are the components of a symmetric, traceless tensor.
We now can expand [69]
ελkµ ε
λ′
k
∗
ν = 13δ
λ′
k
λkIµν − i
2m
ǫµνρσp
ρ
Zt
c,σ(Jc)λ
′
k
λk − 1
2
tcµt
d
ν(J
cd)λ
′
k
λk , (F.12)
summed over c, d. The tensor
Iµν = −gµν + kµkν
m2
(F.13)
guarantees the completeness relation of the polarization vectors
∑
λk
ελk∗µ ε
λk
ν = −gµν +
kµkν
m2
. (F.14)
The second term of (F.12) describes the vector polarization and the third term de-
scribes the tensor polarization of the boson.
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In the linear basis (B.37) the spin-1matrices are defined as (JcL)
jk = −iǫcjk:
J1L =


0 0 0
0 0 −i
0 i 0

 , J2L =


0 0 i
0 0 0
−i 0 0

 , J3L =


0 −i 0
i 0 0
0 0 0

 , (F.15)
J11L =

−
4
3
0 0
0 2
3
0
0 0 2
3

 , J22L =


2
3
0 0
0 −4
3
0
0 0 2
3

 , J33L =


2
3
0 0
0 2
3
0
0 0 −4
3

 , (F.16)
J12L =

 0 −1 0−1 0 0
0 0 0

 , J23L =

 0 0 00 0 −1
0 −1 0

 , J13L =

 0 0 −10 0 0
−1 0 0

 . (F.17)
The matrices Jc and Jcd in the circular basis, see (B.38), are obtained by the unitary
transformations Jc = A† · JcL · A and Jcd = A† · JcdL · A, respectively, with
A =


1√
2
0 − 1√
2
− i√
2
0 − i√
2
0 1 0

 ; A† = A−1, (F.18)
J1 =


0 1√
2
0
1√
2
0 1√
2
0 1√
2
0

 , J2 =


0 i√
2
0
− i√
2
0 i√
2
0 − i√
2
0

 , J3 =

−1 0 00 0 0
0 0 1

 , (F.19)
J11 =


−1
3
0 1
0 2
3
0
1 0 −1
3

 , J22 =


−1
3
0 −1
0 2
3
0
−1 0 −1
3

 , J33 =


2
3
0 0
0 −4
3
0
0 0 2
3

 , (F.20)
J12 =


0 0 i
0 0 0
−i 0 0

 , J23 =


0 − i√
2
0
i√
2
0 i√
2
0 − i√
2
0

 , J13 =


0 − 1√
2
0
− 1√
2
0 1√
2
0 1√
2
0

 . (F.21)
In calculating products of density matrices, the following relations are helpful
Tr{Ja} = 0, Tr{Jab} = 0, Tr{JaJ bc} = 0, (F.22)
Tr{JaJ b} = 2δab, Tr{JaJ bJc} = iǫabc, Tr{JaJ bJcJd} = δabδcd + δadδbc, (F.23)
Tr{JabJcd} = −4
3
δabδcd + 2δadδbc + 2δacδbd. (F.24)
Appendix G
Definitions and conventions
We use natural units c = 1, h/2π = 1.
The metric tensor
(gµν) = (g
µν) :=


1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1

 (G.1)
defines scalar products
(a · b) := gµνaµbν = aµbµ = a0b0 − ab (G.2)
between covariant and contravariant four-vectors
aµ := (a0, a1, a2, a3) = (a0, a), aµ := gµνa
ν = (a0, a1, a2, a3) = (a0,−a). (G.3)
The total antisymmetric ǫ-tensor is defined as
ǫµνρσ = −ǫµνρσ :=


+1 , if µνρσ is an even permutation of 0123,
−1 , if µνρσ is an odd permutation,
0 , if any two indices are the same.
(G.4)
The analog definition in three dimensions, the Levi-Cevita-Tensor is
ǫijk = ǫ
ijk :=


+1 , if ijk is an even permutation of 123,
−1 , if ijk is an odd permutation,
0 , if any two indices are the same.
(G.5)
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Useful relations of the ǫ-tensor
−ǫαβµνǫαβρσ = 2(δµρ δνσ − δµσδνρ), −ǫαβµνǫαβµρ = 6 δνρ , −ǫαβµνǫαβµν = 24, (G.6)
with δµρ = g
µνgνρ.
The Pauli matrices are
σ1 =
(
0 1
1 0
)
, σ2 =
(
0 −i
i 0
)
, σ3 =
(
1 0
0 −1
)
. (G.7)
The Dirac matrices obey the commutation relations
{γµ, γν} = γµγν + γνγµ = 2gµν . (G.8)
In the Dirac representation they read
γ0 =
(
I 0
0 −I
)
, γj =
(
0 σj
−σj 0
)
, j = 1, 2, 3, (G.9)
and γ5 := −iγ0γ1γ2γ3 = iγ0γ1γ2γ3 = γ5.
Trace theorems:
PL,R :=
1
2
(1∓ γ5), 6a := γµaµ, Tr{PL,R} = 2,
Tr{6a PL,R} = 0, Tr{6a 6b PL,R} = 2 (a · b), Tr{6a 6b 6c PL,R} = 0,
Tr{6a 6b 6c 6d PL,R} = 2 [(a · b)(c · d)− (a · c)(b · d) + (a · d)(b · c)]∓ 2i[a, b, c, d],
(G.10)
and [a, b, c, d] := ǫµνρσa
µbνcρdσ.
For numerical calculations we have used the values
α = 1/128 fine− structure constant at 500 GeV
sin2 θW = 0.2315 weak mixing angle
mW = 80.41 GeV W boson mass
ΓW = 2.12 GeV W boson width
mZ = 91.187 GeV Z boson mass
ΓZ = 2.49 GeV Z boson width
(G.11)
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